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1. IWTHOPUCTroBT 

An accotmt of protein analyais w probably beet introdaced with a dis- 
cuaaion of the purpoee of the anaiyaa. Work in recesat year* in tbe various 
fields of sdance grouped around biochemistry has demonstrated both the 
phyiicocbeinical bcnnogewnty and apeoificity of the proteins arid tbe 
multitude of their active^ specific roJoe in living organisms. Attention has 
eonaequently been focussed on the problem of tiaar detailed struoturok 
In eluddating these, exact knowledge of the nature and number of the 
wnino acid residues composing protons plays a abnilhr role to knowledge 
of the nature and number of the component atoms in structural studio 
1 
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of BiiDpIcT inoloculca. Tho tcchni^CB of ojnhio odd onalyBis fire not yet, 
ho^TOvor, as rcUablo as Uioeo of olomontoiy annlyeit W© attempt here to 
review thoir present condition, and to indicate proboblo directions of pro* 
gre6i Much improvement In recent years has undoubtodly been stimu- 
lated by tho deedro, variously, to prove or disprove tho spoculativo hypotbe- 
sii of protein strucluro of Bor^mann and Niemann, insofar as it with 
overall amino acid compositiott. Present analytical methods are barely 
equal to this task, oven for particular amino adds. Ihcre is good reason 
to hope, however, that in a few years the problems of analysis of protein 
hydrolysates or amino adds will havo been solved: the ranphaais may well 
shift to tho problem of tho relation of the composition of tho hydrolynte 
to that of protein from whloh it was derived (cf. paras, 3, 4). 

■Iho present review deaia only with this problsm of determining the 
nature and number of tho component amino odd residues of protehis and 
related compounds. No attempt is made to deal with 'higher' aspects of 
protein structure. It should, however, be pointed out that many of tho 
techniques for separating amino adds are also suitable for the much more 
difficult tasks of separating the peptides resulting from the partial hydrelyais 
of proteins; some of these techniques have in fact been developed with this 
ea their primary aim. Studies of partial hydrolysis products are likely 
to be very fruitful for tho detoHod elucidation of protein structure (of. 1). 

That reliable methods of amino add analysis dtould be available is 
important also for agricultural, clinical, and nutritional work. In there 
disdplmes, accuracy may often profitably be sacrificed in favor of speed 
and simplicity of manipulation. 

In connection with metabolio studies TnnUng use of isotopes H Is desir' 
able that methods diould be available for isolating e very amino add in 
a hifd^ state of purity and from all kinds of bdolo^cal materlaL Bpedal 
methods are also required for checking the purity of ‘pure’ amino adds. 

We attempt here to review advances that have been made in this brandx 
of protein chemistry during tho last 15 years. From the qualitative 
standpoint, Vickery and Schmidt (3), and from the quantitative, Mitchell 
Hamilton (3), have ©ven admirable accounts of the position at the 
beginning of thifi period. 

We hope, by having madetbe bibliography as comprehensive as poaslhle, 
to give review a value separate from any It may have as an expressioa 
of our opinion on the most interesting and valuable directions of technicsl 
progress. On tbeee topics we have written at length, while others have 
been dismissed with a brldnees which in some oases does them leas than 
justice. 

Block and BoIBng (3a) have very recently published a reference work 
brintpng together many methods and results of amino add snolyBia of 
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proteins, chiefly from the nutritional standpoint and grouped aocording 
to amino adds. Their Tvork is In many ways complementary to the present 
review, in whidi we attempt a critical discussion, grouped according to 
techniquea, of the means by which we may hope to arrive at absolute figures 
for the amino add residues constituting individual proteins. 

2. The Amw o Acme OccuEHiKa ih Natube 
For some years there has been increased reason for beDeving that only 
few, if any, new ftminn add constitnenta will be discovered In the better 
kno^ proteins, or are at all wdely distributed among living organisms, 
and we are confirmed in Uus opinion by the results of ^two-dimensional* 
partition chromatography (see para. 6.3.4) applied to hyiirolyxates of a 
variety of protdn mderials. It cortain, however, that numerous 

new amino adds will continue to bo found that have a limited distribution 
• — particulaily ih higW plants, funj^ and micro-oiganisms. In the pres- 
ent section of this review we discuss evidence beering on this subject 
subsequent to Ylokery and Bchmidt's very fuD reriow (3) and Dunn's 
aappleenumtary notca (4), eL also (6). In the majority of cases, products 
isdatod by procedures not themselves destructive to a poetulated pre* 
cursor may reasonably be regarded as stnictural components of tbe intact 
Iffotdn. Doubtful cases, end prodoets derived from altered proteins, are 
dlsooBsed individuslly bdow. 

Hot ccKUddering ^mn odds of aboormal optica} Ions, tbe only changes 
required to bring Vickery and Schmidt’s ‘accepted’ list of protein cons^ 
uents up to date are that threonine should be msefted and bydrozyglutamlo 
acid roniovoi 

Yickefy and Schmidt do not mention Leuchs* later work establishing 
by syntheds that ‘naturally ooc ur r in g' hydroxyprcline la one of the 2 stereo- 
Isomfirs of -r-hydroxy-l-proline (6). The oonflguration at the y-C atom 
of ‘natural’ hydroxy prollne is the only remaining etruotural problem con- 
cerning the ‘accepted’ protdn oonstltuents, and recent work (7, 8) sug- 
gBsta that the — OH and — CXX5H groupe may lie irons in relation to the 

pjTTOhdme ring. 

The presence of a oommon %’ ooufiguiatkm at the a-C atcan has been 
demonstrated for the amino adds usually found in nature. 'Ihe varied 
experimental approaches on which this ooncluskm is based fall outside 
the scope of this article (d. 9). 

CitruStne, HiN-CO-NH-CHi-CBii-CHrCH(NHi)-C(X)H. There seems no 
dewbt that free I-dtrolline occurs in nature. CrtruUbie was first described 
in water-melon preas-juioe by Wada (10). It is also probable (11, 12) that 
it U an important intonnediary of animd metabolism. However, the 
oHruUine isolated by "Wada (18) from a tryptic cawdn dig^et may have 
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ftriaeu by degradation of arginlno redduoe in peptide linkage. There is 
reason (14) for disbolioving Woda's statomrait that proUne is the mam 
product on treating citmllino with lu)t mineral e/^id . The only other evi- 
dence that dtruUlno ocmira in proteins seems to bo Fearon's (16) color 
reaction, characteristic of substituted ureas and given by all protciiis 
that have been tested (cf. 16). The poesiblo occurrence of cor b om e cod, 
H|N»COOH, as a protein constituent deserves serious considaration (17). 
Peptides of this amino add would presumably pvo the Fearon reaction. 
CStmlline (i-carbamyl-omithine) is merely a special cftse of such a peptide. 
Modd experiments (17, 14) suggest that on acid hydrolysis peptides of 
carbamlo add do not yield COi or KHj stoichiometrically, so the COi 
evolved In add hydrolysis of proteins (18) does not set an upper limit to 
the carbamic add redduea possibly p r e s en t. The whole problem of the 
possible occurrence of urea groupings In proteins deserves systematic study. 

Wada (19) deacribed 'prdyn'nc,' HN.CX).CH.(CH0rCH(NH0-COOH, 

} I 

oc — 

as occurring in casdn and gelatin hydrolysates. Nothing further has been 
published by other workers about tids (cf. 20). 

OmitAtns, HiN*CH»-CHj-CHrCH(NHi)*COOH. This amino add, Hko 
dtmlline, is a known metabolite and is a constituent of ornithuric add. 
^Monoacetylomithlne has boon isolated from plant material (21). The 
pree o nce of ornithine In hydrolysates of alkali-treated or othenrise altered 
proteinB (cf. 22) can bo attributed to the breakdown of arginine redduea. 
The ornithine isolated from add hydrolysatee of tyroddine (14) and 
‘gramicidin 8' (23, 109a) may also have originated by such a breakdown 
during autolyds of the parent bacteria. Failure to detect ornithine in 
protein hydrulytateo may often have been the consequence of inadequate 
analytical procedures; however, a recent thorough examination of the 
products of add hydrolysis of egg albumin failed to reveal any (16). 

Caruwanine, HjN.C(OT)-NH.O-CHi.CHrCH(NH,).COOH. rmnn (4) 
pvee references to the isolation, proof of constitution and synthesis of this 
Ammo add, which occurs free In soya-bean meal, etc. (cf. also 24--29). 

Oefopifw, H,N.C(Jra)-NH.CH,.CH,-CHrCH(COOH).NH-CH(CH0- 
COOH. Irvin and Wilson (30) provide a bibliography of this compound 
which occurs free in octopus and scallop musde. Syntheeee (cf. also 31) 
have shown its structure. Kairer, «f ol. (82, 33), on the basis of eniyme 
ftTiH model experiments, "have been unahle to determine the optical con- 
figuration of the ftlAnipw moiety. The arginine moiety is f-arginine. 

Hydroxylifsine. Early reports of the isolation of a base of this character 
are mentioned by Dunn (4). Subsequently, Van Slyke and colleagues 
(84-36) have isolated from hydrolysates of gelatin a base which may have 
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thifl oonstitotlon^ ahboti{[li its carbon skeleton has not yet been identified 
Its dissociation constants have been determined, and it has boon shown, 
on treatment with periodate, to yield half its N as NHt, together with 
one molecnle of formaldehyde. Van Slyke and colleagues suggest that it 
la ehher ft^diamino-ehydroal 7 -cap^oio add or M^yUroxylysine. They 
have determined it quantitativdy in hydiolyxatcs of a number of proteins 
(87). Hm quantltiee present are wnalt , even in the richest known source, 
gelatin. We have isolated material agreeing in properties (38) from the 
lysine’ base-predidtatlon fraction of gelatin hydrolyiates by solvent 
extraction as its W’-diacetyi-O-benwyi derivative. 

If the compound is J-hydroxyiyHino, h wiH be interesting to compare the 
configuration of the 8-C atom with that of the t-C atom of hydroxyproHne, 
which is- perfiaps formed in two from ‘j-hydroxyomithlne, the next lower 
homologue of ^-hydraxylysine. In this connection, the possible occurrenc© 
(86) of a kydroxycTffiniM in oiupdn Is of interest. 

Dunn (4) ^ves references to the isolation, structural oharaoterisation 
and syntiwsiB of t hr eo nin e, CHrCH(OH)‘CH(NHi)-CC)OH (cf. also 
40-42). Threonine baa subsequently been isolated from myosin (48), an 
AtperffQlut autolysate (44) and from human blood-group A substance (48), 
sitd must accordingly be added to the list of 'accepted' protein c oustiU r- 
ents. IbreoniDe has been recogulied through its reaction with periodate 
(para. 6.6.1) as a very widely distributed protein constituent. Higher 
bomologues of threonine were not detected in a number of proteins after 
a spedfio search (38). 

Ibe periodate reaction has at the same time rnwHa it probable that 
&-hydroxvgliiiamie odd is abeoit from casein (46, 47) and it is deeirable 
that this amino acid, at least for the present, should bo withdrawn from 
the ‘accepted’ list (cf. 6). Bailey, et oL (48) sum up the present situatioii, 
and suggest a possible explanation of some of the reports of its occurrence 
(cf. also 49). 

Dakin (49a) mentioiis the isolation from a casein hydrolyiate of material 
that might be a hydroxylsudne. 

Jacobs and Craig (60) obtained 8/5-diinethylpynrvlo acid or pyruvic acid 
together with NH| hy alkaline degradation of various ergot alkaloids, and 
suggested that these arose by deaminative degradation of nn»ta>>ia a-by- 
droxyvalmo and a-hydroxy-alanine residues respeotively. 81nce pyruvic mitH 
can result from the aJtalirw degradation of serine (cf. para. 4) it is simpler 
to postulate P-fufdroxifvaiine and serine as the preouTBore of these keto 
acids (of. 61). Earlier olaiins (2, 4, 63; of. 63-66) to have isolated hydroxy- 
valine from proteinB are inadequatdy supported, njid require, like wimHcr 
claimj in respect of o-<imino6tdyric cod (2, 4, 66, 66; of. 67), norvaline 
(o-ominovalerio add) (2, 4, 66, 68) and norUudne (o-aminocaproic add) 
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(2, 4, 65, 6MQ) to bo ro-Jnvestigated by tbo newer, more ipecifio methods 
described In para. 6. By the use of tbo two-dimensional qualitative par- 
tition-chromatographlo technique referrod to there, we have convincod 
o\iTBelvoe that thoy ore absent from some protein hydroly*atcs so lor 
studied, and a recent special study (63a) throws grave doubt on the 
for the natural occurrence of norleudne. 

Wieland and Witlcop (7) report the isolation of a hifdroxp t r y piopJian 
from phalioldin (a tendo crystalline constituent of the fungus Avusniia 
phaUoidea). Th^ bring forward evidence that ha fonnula is: 

CH 

✓ \ 

HC C O‘OH,-CH(NH0-COOH 

1 II It 

HO O O-OH 

V /\ / 

CH NH 

Earlier reporta of hydroiytryptophan (cf. 2) are less convincing. Ihe 
Isolation of such a compound haa special interest, since it haa been postu- 
lated aa an intermediate in the formation of kyrturemn in nature (cf. 04, 
65, 66). There la no evidence that the latter amino add is a protds coir-^ 
stitaeni. A synthods of kynurenin haa been reported (67, 68). 

The fact that thyroxiM can be reoovered from hydrolyiatee of proteins 
treated with Iodine atiH ATlcflli can be explained by the dismntaticm of 
iodinated tyrodne reddues. Harington (69) haa presented a stimulating 
review of t^ subject; in the same ortiole recent data on the natural oecur^ 
renoe of U)doQOTQoic add are diacussed (cf. also 70). 

There fa now aome evidenoe (71) for the abeence of 9, ^■^ahydroxyphen^- 
oZomns from a numbw of proteins (of. 2). 

The view that pZuionnna and wpera^w rsddnee exist in protdns, 
inheraitly probable becauae of thdr natural occurreaioe in the free state, 
was partly beaed on the quantitative oorreepondenoe between the NHi 
and dicarboxyiio ftrnlnn add oouteait of hydrolysates of aome protdns. 
More direct evidenoe for It hn« now been obtained by the Isolation of 
aspaiapne (7^) jdutamme Cf3) from enxymio digpeta of edeetin and 
reepcotively, anH by the isolation of I’liy^diarnincibxtiyTxc add from 
fi dd hydrolyxates of that had been subjected to Hofmann degradap 

tlon (74). 

/5-AZamna, HtN.CHt-CHrCOOH, fa found free in nature and in combi- 
nation in oamodne, anserine, atiH pentotbenio add. It haa been suggeeted 
that it arisea by decarboxylation of aspartic add (76; of. 70). There is 
now direct evidence from mieroblologcal teota that it is not a amatituent 
of a number of proteins “(77, 77a, cf. 77b). 
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Wlietiier eyftme residues exist in Intact protciiifl as such, as cysieine or in 
other forma {e.g., as tHnzoline groupings, 78), is a complicated question 
which cannot bo discussed hero adequately. Readers aro referred to Anson's 
article in the preseit vohnno and to Nourath and colleagues' recent review 
(79) for discuaeion of some aspoots of the problem; the question of the 
mode of UnVngR of serine, threonine, etc. is subject to some of the same 
considerations- There seems no doubt that cystine residues exist preformed 
in some proteins (s.ff., keratinB, Insulin) and that in the protein they exhibit, 
often in pnhftnfyd d^reo, the tendency to dismutatlon, oxidation, reduc- 
tion, etc. exhibited by cystine itself. Cysteine residues set free in keratin 
by reduestion may be substituted by vonous reagents (cf . 60-84) ; particu- 
lar interest attaches to the introduction into wool by such means (82, 83) 
of djenhiiic add (see below) and bomologoirs residues. 

Cyxteicood, HOC)C*CH(NHi)*CHrSOjH, has been isolated from human 
hair oxidiied with permanganoto (96a) and normally occurs in the outer 
part of the sheep's fleece, where the wool is exposed to light and weather 
(313). 

meao. and dL^^niMonint, HOOaCH(NHt)-CIIr3-CH».CH(NHi)*COOH, 
have been isolated from hydrolysates of wool and other protoins that hod 
been treated with alkali, and have been identifled with synthetio materials 
(86-91). Various views (92-94) have been put forward ns to the mechan- 
ism by which lanthionine is formed. If the final stage is coupling of the 
thk>l group of a oystat>e residue with an a-aminoaorylic acid residue, there 
seems no reason why the latter should bo derived from cystine rather than 
from serine. Nicolet and Shinn's (96) coupling of benxyi mercaptan with 
serine residues in alkaU-treated silk fibroin (to give if-bensyic>-8teino reai- 
duee) is of interest in this oannection. Similarly, threonine reaiducB might 
be expected to give rise to ^mdhyUtmiMomn^ KQster and Irion (06) 
isolated a product from wool that had been treated with sodium sulfide, 
which they formulated as HOOC*CH(NH|) CHrCH|.S'CHrCH(NHi)- 
COOH but which from their evidence could equally be ^-methyllanthionine. 
They had difficulty in repeating the proparation. 

Bdtni\eav-ccrniaiM3%q moterioZ has been obtained from an extract of the 
vetch dainiffaZaa pecimoftw grown on seleniferoua soil (97). 'Ihe prep- 
aration was formolated as HOOaCH(NHi).CHrCHrS-CH,CH(NH,). 
COOH cryHtallixmg with 2 molecules of its jSe bomolog; there was some 
svidaneo also for the separate crystalliiation of the two components. The 
^^^brral ocourrenoe of a^itffntTTm In aminn acid combination has special 
interest lintje sdenium has beei shown to be incorporated in the protems 
of wheat grown on seleniforous soiL 

It is desirable that more i^jecifio and more quantltativo methods of 
isolatiaa should be employed in future studies of these thin - and eeleno- 
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PREFACE TO SECOND EDITION 


This volume has now been revised to bring it np to date ; this 
has involved the expansion of some sections and the addition of 
new materiah It may be useful if I indicate briefly the more 
important changes I have made in this new edition. Two major 
additions are conformational anatysls and biosynthesis : in each 
case I have given an Introdnction to the problem, and have also 
discussed various applications- Some other additions are nuclear 
magnetic resonance, correlation of configurations, ijoflavones, and 
vitamin Expanded topics inclode dipole moments, molecular 
rotation, optical isomerism, steric effects (including steric fe.ctors 
and the transition state, molecular overcrowding), ascorbic add, 
structure and synthesis of cholesterol, vitamih Aj, polypeptides, 
mechanism of cnxyme action, flavoncs, streptomycin and patulin. 

I wish to thank those reviewers and correspondents who have 
pointed out e r rors and have made suggestions for impr o ving the 
book. 

I. L. FINAR 

1953 


PREFACE TO FIRST EDITION 

In the Preface of my earlier book. Organic Ck*misiry, Longmans, 
Green (1954, 2nd ed.), I expressed the opinion that the chemistry 
of natural products is the application of the prindples of Organic 
Chemistry. The present work is, in this sense, a continuation of 
my earlier one. It is my belief that a student who has mastered 
the prindples will bo well on the road to mastering the applications 
when he begins to study them. At the same time, a study of the 
applications will bring home to the student the dictum of Faraday : 
“ Ce n'est pas asser de savoir les prindpes, il faut savolr Manipul^ " 
(quoted by Faraday from the Didionnaire dt Trevoux], 

In the sections on Stereochemistiy, I have assumed no previous 
knowledge of this subject. This hM meant a certain amount of 
repetition of some of material in my earlier book, but I thought 
that this way of dealing with the subject would be preferable, since 
the alternative would have led to discontinuity. I have omitted 

* V 
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preface 


an accoont of the atcrAochemijtiy of co-ordinated componndfl smce 
this subject is dealt with in text-books on Inorganic Chemistry, 

The section of this book dealing with natural products has 
pr esen ted many difficulties, I have tried to give a general indica- 
tion of the problems involved, and in doing so I have chosen, to 
a large extent, the most typical co m p oun ds for fairly detailed 
discussion. At the same time, I believe that the subj^ matter 
covered should serve as a good introduction to the organic chemistry 
required by students reading for Part II of the Special Honours 
degree in chemistry of the London University. I have given a 
selected number of reading references at the end of each chapter 
to enable students to extend their knowledge and also to make up 
for any omissions I may have made. It is impossible to express 
my in^btediKss to those authors of monographs, articles, etc., 
fr^ which I have gained so much information, and I can only 
hope that some measure of my gratitude is expressed by the 
references I have given to their works. 

Since physical measurements are now very much used in eluci- 
dating structures of organic compounds, 1 have included a short 
chapter cm these measurements (Chapter I). I have introduced 
only a minimum amount of theoty In this chapter to enable the 
student to understand the terms used ; the main object is to 
indicate the appiicaticns of ^ysical meaEurementa. 

In this book, cross-references are indicated by section and chapter. 
If a cross-reference occurs to another section in that chapter, 
only the section number is given. It should also be imted that the 
numbers assigned to formulae, etc., are confined to eaA section, 
and not carried on to subseqxient sectioDS in that chapter. When 
references have been given to my earlier whime, the latter has 
been referred to as Volume I. In such cases the pages have not 
been quoted since the pagination of the various editions changes. 
The student, however, should have no difficulty in locating the 
reference from the index of Volume I. 
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physical characteristica snch as boiling point, melting point, 
refractive index; nowadaj^ many other physical p roperties are 
also used to characterise pure compounds. 

The following account describes a number of relationships be- 
tween physical pro p erties and chemical constitution, and their 
application to the prohlem of elucidating cbemicnl structure. 

52 . Van der Waala forces. Ostwald (1010) classified physical 
properties as additive (these properties depend only on the nature 
and number of atoms in a molecule), constitutive (these properties 
depend on the nature, number and arrangement of the atoms in 
the molecuk), and coUlgative (these properties depend only on 
the number of molecules present, and are independent of their 
chemical constitution). It is extremely doubtful whether any one 
of these three classes of pr oper ti es Is absolutely independent of 
either or both of the others, except for the case of molecular weights, 
which may be regarded as truly additive and independent of the 
other two. In cons ti t uti ve and coUigative properties, forces be- 
tween molecules have a very great effect on these properties. 
Attractive forces between molecules of a substance must be assumed 
in order to explain cohesion in liquids and solids. Ideal gases obey 
the equation PV *■ RT, but red gases do not, partly because of 
the attractive forces between molecules. Van der Waals (1873) 
was the fint to attempt to modify the ideal gas law to the be- 
haviour of real gases by allowing to these attractive forces (he 
introdneed the term a/p* to correct for them). These into- 
molecnlar forces are now usually referred to as van der Waais fortes, 
but they are also known as r^idual or secondary valencies. These 
forces may be forces of attraction or forces of repulsion ; the 
former explain cobesiou, and the latter must be easnmed to exist 
at short distances, otherwise molecules would collapse into one 
another when intcrmolecalar distances become very pn»T1. The 
distances to which atoms held t<^thfir by van der Waals forces 
can approach each other, i.e., the distances at which the rqjulaion 
becomes very large, are known as van der Waals radii. Some 
valnes ^ Angstroms) are : 

H, 1*20; O, 1*40; N. 1*60; Q, 1*80 ; S, 1*86. 

These values are very useful in connection with molecules that 
exhibit the spatial ^ect, e.g., substituted diphenyl compounds 
(§2. V). 

Van der Waals forces are electrostatic in nature. They are 
relatively weak forces {i.e., in comparison with bond forces), but 
they are greater for compounds for atoms and molecules of 
elements. In fact, the more asymmetrical the molecule, the 
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greater are the van der Waals forces. These forces originate from 
three different causes : 

(i) Forces due to the interaction between the permanent dipole 
moments of the molecules (Keesom, 1016, 1921). These forces are 
known as Eeesom forces or the dJpole-dlpole effect, and are 
dependent on temperature, 

(ii) Forces which result from the interaction of a permaneni 
dipole and induct dipoles, Althongh a molecule may not possess 
a permanent dipole, nevertheless a dipole may be induced under 
the influence of neighbouring molecules which do possess a per- 
manent dipole (Debye, 1020, 1021). These forces are known as 
Debye forces, the dlpole-lndoced dipole effect or induction 
effect, and are almost independent of temperature. 

(m) I^mdon (1030) showed from waw mechanics that a third 
form of van der Waals forces is also acting. A nucleus and its 
'* electron cloud “ are in a state of vibration, and when two atoms 
are sufficiently close to each other, the two nuclei and the two 
electron clouds tend to vibrate together, thereby leading to attrac- 
tion between different molecules. These forces are known as 
London forces, dispersion forces, or the wave-roechanicaJ 
effect, and are independent of temperature. 

It should be noted that the induced forces are smaller than the 
other two. and that the disperaiem forces are usually the greatest. 

It can now be seen that all those physical proper ti es which 
depend on intermolecular forces, e.g., radting point, bo iling point, 
viscosity, etc., vdH thus be largely determined by the van der 
Waals forces. Van der Waals forces are also responsible for the 
formation of " molecular compounds ” such as " picrates ” formed 
from picric add and aromatic hydrocarbons or aromatic ntntni-!^ ; 
these are '' held tc^ether '* 1^ the Keesom and Debye forces. 

f3. The hydrogen bond. A particularly important case of 
electrostatic attraction is that which occurs in hydrogen bonding 
(VoL I, Ch. II) ; it occurs mainly in compotmds containing hydroxyl 
or imino groups. There are two types of hydrogen bonding, inier~ 
rnoleadv and iniramoUcular. Intermolecular bonding gives rise 
to association, thereby raising the boiling point ; it also raises the 
surface tension and the viscosity, but lowers the dielectric constant. 
Intermolecular hydrogen bonding may exist in compounds in the 
liquid or solid state, and its formation Is very mudi affected by 
the shape of the molecules, ix., by the sfalud or sieric factor ; 
e,g., n-pcntanol is completely associated, whereas /<fr#.-pentanol is 
only pjuilally associated Intermolecular hydrogen bonding is also 
responsible for the formation of various molecular compounds 
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(cf. §2), and also aSects aolabUity if tlie compound can form 
hydrogen bonds with the solvent 

Intramolecnlar hydrogen bonding gives rise to cMaiion, i.t., ring 
formation, and this normally occurs only with the formation of 
five- or slx-membcred rings. Chelation has been used to explain 
the volatility of ortAo-compounds such os o-halogcnophenols and 
o-nitrophenols (as compared with the corresponding m- and ^ 
dcrivativea). Chelation has also been used to account for various 
oriAo-substituted bcnxoic adds being s Uou g ei adds than the corres- 
ponding m- and /Klerivatives (see VoL I, Ch. XXVm). 

When chelation occurs, the ring formed must be planar or almost 
planar. Should another group bo present which prevents the 
formation of a -planar chelate structure, then chelation \vili be 
diminished or even coraplctdy inhibited (Hunter d oL, 1938 ; cf. 
steric inhibition of resonance, Vol I, Ch. XXVIII). Compound I 
is chelated, but 11 is associated and not chelated. In I the o-nitro- 
group can enter into the formation of a planar six-raembered ring. 


I 

In II, owing to the strong repulsion between the negatively charged 
oxygen atoms of the two nitro-gronps, the plane of each nitro- 
group will tend to be perpendicular to the plane of the benieno 
ring, and consequently a chelated planar six-roembered ring cannot 
be ionned. 

The presence of hydrogen bonding may be detected by various 
means, e.g., infra-red absorption spectra. X-ray analyris, electron 
diffraction, examination of ^iUiig points, mcltiiig points, solubility, 
etc. The best method appcaia to be that of infra-red absorption 
spectra (see §15b). 

§4. Melting point. In most solids the atoms or molecules are 
in a state of vibration about their fixed mean positions. These 
vibrations are due to the thermal energy and their amplitudes axe 
small compared with interatomic distances. As the temperature 
of the solid is raised, the amplitude of vibration increases and a 
point is reached when the crystalline structure suddenly becomes 
unstable ; this is the melting point. 

In many homologous series the melting points of the rt-members 
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rise continucrusly, tending towards a maximum value. On tlio 
other hand, some homologous series show an alternation or oscilla- 
tion of melting points — " the saw-tooth rule ", e.g., in the fatty 
fiHfl gi»rii*< the melting point of an " even " add is higher than that 
of the " odd " add immediately bdow and above it It has been 
shown by X-ray analysis that this alternation of mdting points 
depends on the packing of the crystals. The shape of tho molecnie 
is dosely related to the melting point ; the more symmetrical the 
molecule, the higher is the mdting point Thus with isomers, 
branching of the chain (^rtiich increases symmetry) usually raises 
the mdtkig point ; also trans isomers usually have a higher mdting 
point than the cis, the former having greater symmetry than the 
latter (see §5. IV). In the bensene series, of the three disnb- 
stituted derivatives, the ^Hcompound usually has the highest 
melting point 

Apart from the usual van der Waals forces which affect mdting 
points, hydrogen bonding may also play a part, t.g., tho mdting 
point of an alcohol is higher than that of its corresponding alkane. 
This may be attributed to hydn^en bonding, whi^ is possible in 
tho former but not In the latter. 

Various empirical formulae have been developed from which it 
is possible to calculate mdting points; these fommlae, h o we v e r , 
only relate members of an homalogcms series. 

The method of m\xfA melting points has long been used to identify 
a compound, and is based on the prindpio that two different com- 
porads mutually lower the mdttog point of each component in 
the mixture. 'Hiis method, however, is unreliable when tho two 
componnds form a solid sohition. 

55. Bolling point. The bdling point of a liquid is that tem- 
perature at which the vapour pressure is equal to that of the external 
prosnre. Thus the boiling point varies with the pressure, being 
raised as the pressure is increased. 

In an homologous series, the boiling point usually increases 
regularly for the «-membcrs, e.g., Kopp (18^) found that v-ath the 
aliphatic alcohols, adds, esters, etc., the boiling point is raised by 
10® for each increase of CH, in the composition. In the of 
isomers the greater the bran ching of the carbon chain, the lower 
is the boiling point Calculation has shown that tho boiling point 
of the n-alkanes should be prop o r ti onal to the number of carbon 
atoms in the molecule. This relatiambip, howev er , is not observed 
in practice, and tho cause of this deviation still remains to bo 
duddated. One strongly favoured theory attributes the c fltiy* to 
the fact that the carbon chains of n-alkanes in the liquid phase 
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exist largely in a coiled configuratioii. As the branching increases, 
the coil becomes denser, and this lowers the boiling point. 

In aromatic disnbstitnted compounds the boiling point of the 
ortAo-isomcr is greater than that of the mrf<J-isomtr which, in turn, 
may have a higher boilfaig point than the ^njm-isomer, but in many 
cases the boiling pobta are about the same. 

Since the bohing point depends on the van der Waals forces, any 
structural change which ^ects these forces will consequently 
change the boiling point One such structural change is the branch- 
ing of the carbon chain (see above). Another typo of change is 
that of substituting hydrogen by a negative group. Tins intro- 
duces a dipole moment (or increases the value of an existing dipole 
moment), thereby increasing the attractive forces between the 
molecules and consequently raising the boiling point, e.g., the 
boiling points of the nitro-olkanes are very much higher than those 
of the corresponding alkanes. Ci# compemnds usually have higher 
boiling points than the corresponding trans isomers, the reason 
again bdng attributed to the larger dipole momenta of the former. 
This " regularity " has been used to differentiate between geo- 
metrical isomere (see §C. IV). The possibility of bterroolecular 
b3^ogen bonding also raises the boQing point, s.g., alcohols boil 
at higher temperatures than the cor r e s ponding ahewes. 

§6. Solubility, It is beheved that solubility depends on the 
following intermolecular forces: solvent/solute ; solutc/solnte ; 
solvcnt/solvent. The solubility of a non-electrolyte in water 
depends, to a very large extent, on whether the compound can 
form hydrogen bonds with the water, e.g., the alkanes are insoluble, 
or almost insohiblo, in water. Methane, however, is more soluble 
than any ol Its homologues. Tbe reason for this is uncertain', 
hydrogen bonding with water is unlflc^, and so other factors must 
I^y a part, 9 .g^ molecular size, A useful guide in organic chemistry 
is that "like dissolves like", e.g.. If a compound contains a 
hydroxyl group, then the best solvents for that comp oun d also 
usually contain hydroxyl groups (hydrogen bonding bctwTwi solvent 
and solute is possible). This " rule " is acc<pted by Trgm y use 
the word " like " to mean that the cohesion forces in both solvent 
and solute arise from the same source, 9 .g., alkanes and alkyl halides 
are ndscable *, the cohesion forces of both of these groups of com- 
pounds are largely dne to di^)««ion forces. 

In some cases solubility may be due, at least partly, to the forma- 
tion of a compound between tiie solute and the solvent, #.g., ether 
dissolves in concentrated sulphuric add with the formation of an 
oiconhim salt, (C,H4),0H}+HS04~'. 



7 


§8] PHYSICAL PROPSfiTTES AND CHEMICAL CONSTITUTION 

§7. VlBcoelty. Viscoeity (the reaistanco to flow due to the 
intemal friction in a liquid) depends, among other factors, on the 
van der Waals forces acting between the molecules. Since these 
forces depend on the shape and rite of the molecules, the viscosity 
will also depend on these properties. At the same time, rinco 
the Keesom forces ( 52 ) depend on temperature, viscosity will also 
depend on temperature ; other factors, however, also play a part. 

A number of relationships have been found between the viscosity 
of pure liquids and their chemical structure, e.g., 

(i) In an homologous scries, viscosity increases with the molecular 
weight. 

(U) With isomers the viscosity of the n*compotmd is greater than 
that of isomers with branched carbon chains. 

(iii) Abnormal viscosities are shown by auocuUed liquids. Vis- 
cority measurements have thus been used to detennine the degree 
of araodation In liquids. 

(iv) The viscosity of a Inn* compoimd is greater than that of 
the correspon dh ag cU isomer. 

Equations have been developed relating viscosity to the shape and 
sise of large molecules {macr<moUcnias) in solution, and so viscosity 
measurements have offered a of detennining the shape of, 

e,g., proteins, and the molecular weight of, e.g., polysaccharides. 

|8. Molecular volumes. The molecular volume of a liquid in 
millilitres (VJ is given by the equation 

y gram molecular weight 
* density 

The relation between molecular wlume and chemical composition 
was studied by Kopp (1839-1856). Since the density of a liquid 
varies with the temperature, it was necessary to choose a stanc^d 
temperatnie for comparison- Kopp chose the bofliug pobt of the 
liqmd as the standaixi temperature. This choke was accidental, 
but proved to be a fortunate one since the absolute boiling point 
of a liquid at atmospheric pressure is approximately two^4hirds 
of the critical temperature, Kopp unknowingly compared 
liquids in their corresponding states, the theory of which did not 
appear until 1870. As a result of his work, Kopp was able to 
compile a table of atomic volumes based on the assumption that 
the molecular volume was an additive pr operty , e.g., 


c 

11-0 

a 

22-8 

H 

5-5 

Br 

27-8 

0(C=0) 

12-2 

I 

37*5 

0(0H) 

7-8 
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It should be noted that Kopp foimd that the atomic volume of 
oxy^d (and sulphur) depended on its state of combination. Kopp 
also showed that the molecular volume of a compound can be 
from the sum of the atomic volumes, e.g., acetone, 
CH.-CO-CH,. 

3C t. 33*0 Molecular weight of acetone *=» 58 
6H =■ 33*0 Density at b.p. 0*740 

68 

0(CO) c= 12*2 molecular volume (o6s.) c=» ^ *3 77-4 


78*2 (calc.) 

Further work has shown that the molecular volume b not strictly 
additive, but also partly constitutive (as recognised by Kopp who, 
however, tended to overlook thb feature). If purely additi^, then 
isomers with ximUar structures will have the same molecular 
volume. Thb has been found to be tho case for, «y.g., isomeric esters, 
but when the isomers belong to different homologous scries, the 
agreement may be poor. 

Later tables have been compded for atomic volumes with stiuC' 
tural corrections. Even so, the relation breaks down in the case 
of highly polar liquids where the attractive forces between the 
molecules are so great that the additive (and structural) properties 
of the atomic volumes are completely masked. 


Parachor. Macleod (1023) introduced the following equa- 
tion : 

y*C(<i,-<i,)* 

where y b the surface tension, d, and d, the densities of the liquid 
and vapour respectively, and C b a constant which b independent 
of the temperature, 

Maclcod’s equation can be rewritten as ; 



Sugden (1024) multiplied both sides of thb equation by the mole- 
cular weight, M, and pointed out that the expression 

should also bo valid, Sugden called constant P for a given 
compound the parachor of that compound. Provided the tempera- 
ture b not too high, d, will be negligible compared with dp and 
so wo have 
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Hence the parachor represents the molecular volume of a liquid 
at the temperature when its surface tension is unity. Thus a com- 
parison of paiachors of different liquids gives a comparison of mole- 
cular volumes at temperatures at which liquids have the same 
surface tension- By this means allowance is made for the van 
der Waals forces, and consequently the comparison of molecular 
vohimes is carried out under comparable conditions- 
The parachor is largely an additive property, but it is also partly 
constitntivc. The following table of atomic and structural para- 
chors is that given by Mumford and Phillips (1029). 


c 

0-2 

Single bond 

0 

H 

16-4 

Coordinate bond 

0 

0 

20 

Double bond 

10 

N 

17'5 

Triple bond ' 

38 

a 

66 

3-Membered ring 

12-6 

Br 

09 


6 

I 

00 


3 

s 

60 

6- 

0-8 



7- 

-4 


The parachor has been used to enable a choice to be made be- 
tween alternative structures, c.g., structures I and II had been 
suggested for ^^-^^enxoquinonc. Most of the rbprpirfll evidence 



favoured I, but Gracbc (1807) proposed II to explain some of the 
properties of this compound (see VoL I). The parachor has been 
used to decide between these two : 

[P] calculated for I is 233-6 ; 

[0 X 0-2 + 4 X 15^ + 2 X 20 + 4 X 10 4- 0-8J 
(F] calculated for II is 216-4 ; 

[6 X 0*2 + 4 X 16-4 4- 2 X 20 4- 3 X 10 4- 2 X 0-8] 
[P] observed is 230-8. This indicates structure I. 

According to Sutton (1052), the parachor is not a satisfactory 
property for the analysis of molecular structure. It is, howevTT, 
still useful as a ph>'8ical characteristic of the liquid-vapour s}*stem! 

§10. Refmehor. Joshi and Tull (1951) have Introduced a new 
physical constant which they have named the ufrackoT, [F]. This 
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lias been obtained by assodating the parachor, [F], with the 
refractive index, according to the following equation : 

[F]--[P] log («?-!) 

The authors have found that the observed rofrochor of any com- 
pound is composed of two constants, one dependent on the nature 
of the atoms, and the other on etmctnral factors, c.g., typo of 
bond, slso of ring, etc,, ia., the refnehor is partly additive and 
partly constitutive. Josh! and Tull have used the refrachor to 
determine the percentage of tautomers in equillbriam mixtures, 
e.g., they found that ethyl ocotoecetate contains 7*7% enol, and 
penta-2:4-dione 724% enoL 

|11. Refractive index. Lorcnti and Lorenz (1880) simul- 
taneously showed that 

n* - 1 M 
^ n» — 2* (i 

where R Is the tnoUcular nfracUvUy, n the refractive Index, M the 
molecular weight, and d the density. The value of n depends on 
the wavelength and on temperature ; d depends on temperature. 

Molecular refractlvity has been shown to ^ve both additive and 
constitutive properties. The foQowing table of atomic and struc- 
tural refractivities has been calculate for the H, line. 


c 

2413 

a 

6-033 

H 

1-092 

Br 

8-803 

0(0H) 

1-622 

I 

13-767 

0(00) 

2-189 

Double bond (C=C) 

1-680 

0(ethHs) 

1-639 

Triple bond (CsC) 

2-328 

Molecular refractivities have been used to determine 

the struc- 


turo of compounds, tcrpencs (see §25. VIII). They have also 
been used to detect the presence of tautomers and to calculate the 
amount of each form present Let us consider ethyl ocotoacetato 
as on example; this behaves as the koto form CH,*COCH, *00, 
and as the enol form CH,-C(OH)=CH<X),C,H,. The caloilated 
molecular refractivities of th^ forms are : 

CH,*CO*CH,CO,C,H, CH,’C(OH) = CH-CO.C^ 


6 0 - 14-478 

6 C 


14478 

10 H = 10-02 

10 H 


104)2 

2 0 (OO) — 4-378 

0(0H) 


1-622 

0 (ether) = 1-039 

0 (CO) 


2-180 

81416 

0 (ether) 


1-630 

Double bond 

- 

1-686 




32434 
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The observed molecnlar refractivity of ethyl acetoacetate is 31*S9 ; 
hence both for ms are present 

When a co mp oimd contains two or more doable bonds, the value 
of the molecular refractivity depends not only on their number but 
n1v> on their relative positions. When the double bonds are con- 
jugcU^d, then anomalous results are obtained, the observed molecu- 
lar refractivity being higher than that calculated, e.g., the observed 
value for hexa-l:3:6-triene Is 2*06 units greater than the value 
calculated. This anomaly is known as opiieal cxaliaiion, and it 
usually increases with inauase in length of conjugation (in unsub- 
stituted chains). Although optical exaltation is characteristic of 
acyclic compounds, It Is also exhibited by cyclic compounds. In 
single-ring systems, *.g., benrene, pyridine, pyrrole, etc., the optical 
exaltation is n^lJgible ; this has been attributed to resonance. 
In polycyclic aromatic compounds, however, the exaltation may 
have a large value. In general, large exaltations arc shown by 
those compounds \vhich exhibit large dtdronic effects. 

Another application of the refractive index is its relation to 
hydrogen bonding. Arshid A al. (1955, 1050) have used the square 
of the refractive index to detect hydrogen-bond complexes, 

§12. Molecnlar rotation. When a substance possesses the 
property of rotating the plane of polarisation of a beam of plane- 
polarised light passing through it, that substance is said to be 
optically active. The measurement of the rotatory power of 
a substance Is carried out by means of a polaiimeter. If the sub- 
stance rotates the plane of polarisation to the right, the analyser 
has to be turned to the right (clockwise) to restore the original 
field, the substance is said to be dtxirorciahry ; if to the left (anti- 
clockwise), IxvoTOlaiory. 

It has been found that the amount of the rotation depends, for 
a gi\‘cn substance, on a number of factors : 

(i) The thickness of ih* layer traverud. The amount of the rota- 
tion is directly propor t ional to the length of the active substance 
traversed (Biot, 1855). 

(li) The traw/eng/A of the light. The rotatory power is approxi- 
mately in\’ersely proportional to the square of the wavelength 
(Biot, 1835). There are some exceptions, and in certain ca ses it 
has been found that the rotation charges sign. This change in 
rotatory power with change in wavelength is known os rotahry 
ditpersion. Hence it is ireccssaiy (for comparison of rotatory power) 
to use monochromatic light ; the sodium d line (jrellow : 5^0 A) 
Is oiw wa^'cIcngth that is commonly used. 

(iii) The temperaiure. The rotatory po\vcr usually increases 
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wHh rise in temperature, but many eases are known where the 
rotatory power decreases. Hence, for comparison, it is necessary 
to state the temperature ; in practice, measurements are usually 
carried out at 20 or 26®. 

(rv) TJttf rtrfwrf. The nature of the solvent affects the rota- 
tlcm, and so it is n ecessa ry to state the solvent used in the 
measurement of the rotatoiy power. There appears to be some 
relation between the effect of a solvent on rototory power and 
its dipole nwment 

(v) Tk* conc^niraUon, The rotation appears to be independent of 
the concentration provided that the solution is dilate. In con- 
centrated solutions, however, the rotation varies with the concen- 
tration ; the causes for this have been attributed to association, 
dissociation, or solvation (see also vi). 

(vi) The amount of rotation exhibited by a given substance 
wl^ all the preceding factors (i-v) have been fixed may be varied 
by the presence of other compounds which are not, in themselves, 
optically active, e.g., inorganic salts. It Is important to note in 
this connection that optically active adds or bases, in the form of 
their salts, give rotations which are independent of the nature of 
the non-optically active ion providtd that iht iduikms ttr$ x>ay 
dHuU, In very dilute solutions, salts are completely dissociated, 
and it is only the optically active Ion which then contributes to the 
rotation. The rotation of a salt fonned from an optically active 
add and an optically active base reaches a constant value ^ dilute 
solutions, and the rotation is the sum of the rotations of the anion 
and cation. This p r op er ty has been used to detect optical activity 
(see §6a. VI). 

When recording the rotations of substances, the value commonly 
given Is the tpedfle rotation, This is obtained from the 

equation : 


h; 


nr3 


or 


h: 


l X e 


where I is the thickness of the layer in decimetres, d the density of 
tho liquid (if it is a pure co m po un d), c the number of grams of 
substa n ce per millilitre of soluti^ (if a solution is being examined), 
a the observed rotation, t the temperature, and A the wavdength of 
the light used. The solvent should also bo stated (see iv). 

The molecular rotation, is obtained by multiplying the 
spe ci fic rotation by the molecular weight, M. Since large numbers 
are usually obtained, a common practice is to divide the result by 
one hundred ; thus : 
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The relation between s tr uctu re and optical activity is discussed 
later (see §§2, 3. 11). The piu p eily of optical activity has been 
used in the study of the configuratiou of molecules and mechanisms 
of various reactions, and also to dedde between altemativo-struc- 
tuTcs for a given compound. The use of optical rotations in the 
detennination of Bliuctm e depends largely on the application of 
two rules. 

(i) Rule of Optical SnperpoelUon (van’t Hoff, 1894) : When 
a compound contains two or more asymmetric centres, the total 
rotatory power of the moleculea is the algebraic sum of the contribu- 
tions of each as)miiiietric centre. This rule is based on the assump- 
tion that the contribution of each as 3 nminetric centre is independent 
of the other asymmetric centres present. It has been found, how- 
ever, that the contribution of a given asymmetric centre is affected 
by neighbouring centres and also by the presence of chain-branching 
and unsaturation. Hence the rale, although useful, must be treated 
with reserve (see also §6. VII). 

A more satisfactory rule is the Rule of Shift (Freudenbcrg, 1033) ; 
If two asymmetric molecules A and B are changed in the same way 
to give A' and B', then the differences in roolecnlar rotation 
(A' — A) and (B' — B) are of the same sign (see, eg., §4b. XI). 

(ii) Distance Rule (Tschugaev, 1808) : The effect of a given 
strncturai change on the contribution of an asymmetric centre 
decreases the further the centre of change is from the asymmetric 
centre. 

Only asymmetric molecules have the power, under conditloufl, 

to rotate the pljute of poteriaation (of plane-polarised light). Faraday 
(1846), howe ver , found that any tran^jarent aubatanca can rotate the 
plane of polaritation -when placed In a rtrong magnetic field. This 
prop e rty of tna^etlc optical rotation (Faraday effect) la mainly 
an additive one, but li aleo partly constitarUvo. 

§13. Dipole moments. When the c e n tr es of gravity of the 
electrons and nnclei in a molecule do not coincide, the molecule 
win possess a fmnansni dipole moment, (i, the value of which is 
given by /X = # X where e is the electronic charge, and d the 
distance between the charges (positive and negative centres). 
Since c is of the order of 10““ e^u., and d 10-* cm., fi is therefore 
of the order 10“^* e3.tL This unit is known as the Debye (D), in 
honour of Debye, who did a great deal of work on dipole moments. 

The dipole moment is a vector quantity, and its direction in a 
molecule is often indicated by an arrow parallel to the line joining 
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the points of charge, and pointiog towards the negative end, e,g., 

H — Q (Sidgwick, 1930). The greater the value of the dipole 
moment, the gr^er is the poUriiy of the bond. It should be 
noted t^t the terms polar and nan-polar are used to describe 
bonds, molecules and groups. Bond dipoles are produced because 
of the different electron^attracting powers of atoms (or groups) 
joined by that bond. This unequal electronegativity producing a 
dipole moment wefJTK to be a satisfactory e:q>lanation for many 
simple molecules, but Is unsatisfactory in other cases, Thtis a 
number of factors must operate in determining the value of ^e 
dipole moment It is now believed that four factors contribute 
to the bond moment : 

(i) The unequal sharing of the bonding electrons arising from the 
different electronegativities of the two atoms produces a dipole 
moment 

(ii) In covalent bonds a dipole is produced because of the differ- 
ence in sUe of the two atoms, '^e centres of gravity (of the 
charges) are at the nucleus of cadi contributing atom- Thus, if 
the atoms are different in size, the resultant centre of gravity is 
not at the jmd-poiDt of the bond, and so a bond moment results. 

(iff) Hybridiatkm of orbitals produces asymmetric atomic 
orWtsds; consequently the centres of gravity of the hybridised 
orbitals are no longer at the parent nudei. Only if the orbitals 
are pure ^ or d, are the centres of gravity at the parent nudei- 
Thus hybridised orbitals produce a bond moment, 

(iv) Lone-pair dectrons {e.g., on the oxygen atom in water) are 
not " pure " s electrons ; they are “ impure " because of h 37 bridisa- 
tion with p dectrona. If lone-pair dectrons were not hybridised, 
their centre of gravity would be at the nudeus ; hybridisation, 
however, displaces the centre of gravity from the nucleus and bo 
the asymmetric orbital produced gives ri» to a bond moment which 
may be so large as to outwdgh the contributions of the other factors 
to the dipole moroent- 

The following points are useful in organic chemistry : 

(i) In the bond H — Z, where Z is any atom other than hydrogen 
or carbon, the hydre^en atom is the positive end of the dipole, i.e., 

H— Z. 

• (il) In the bond C— Z, where Z is any atom other tiinTi carbon, 

the carbon atom is the positive end of the dipole, (Coulson, 

19 ^. 

pit) When a mo l ecul e contains two or more polar bonds, the 
resultant dipole moment of the molecule is obtained by the vec- 
torial addition of the constituent bond dlptole moments. A ^m- 
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metrical molecule will thus be non-polar, althou^ it may contain 
polar bonds, e.g., CQ4 has a zero dipole moment although each 
C — a bond is strongly polar. 

When any molecule (polar or non-polar) is placed in an electric 
field, the electrons are displaced from their normal positions (to- 
wards the positive pole of the external field). The positive nuclei 
are displaced (towards the negative pole of the external field), 
bat their displacement is much less than that of the electrons 
because of their relatively large mmw*. These displacements give 
rise to an induced dipole, and this exists only while the external 
electric field is present The valne of the induced dipole depends 
on the s trength of the external field and on the fdarisabUity of the 
molecule, i.t., the ease with which the charged centres are dis- 
placed the eitcmal field. If P is the total dipole moment, 
the permanent dipok moment, and P* the indnced dipole 
moment, tlien P P + P 

P^ decreases as the temperature rises, but P, is independent of the 
temperature. The value of P in sduiion depends on the nature 
of ^ solvent and on the concentiatiaii. 

By means of dipole moment measurements, it has been possible 
to get a great dttl of information about molecuka, $.g., 

(i) Configurations of molecules have been ascertained, «.g., water 
has a dipole moment and hence the molecule cannot be line^. In 
a annilar way it has been shown that ammonia and phosphorus 
trichloride are not fiat raokcnles- 

(U) Orientations In benzene derivatives have been examined by 
dipole moments (see VoL I). At the same time, this method has 
shown that the benzene molecule is flat. 

(Hi) Dipole moment measurements have been used to fH^tlngni^h 
between geometrical isomers (see §6. IV). 

(iv) Dipole moments have been used to demonstrate the existence 
of resonance and to elucidate electronic s tr u ctur e s . 

(v) Energy differences between different conformations (sec 
14a. n) have been calculated from dipole moment data, 

(vi) The existence of dipole moments gives rise to association, 
the formation of molecular compounds, etc. 


| 14 . Magnetic susceptibility. \Vhen a substance is placed in 
a magnetic field, the substance may or may not become magnetised. 
If I is the intemity of ma^dxsaiion induced, and H the strength 
of the magnetic field inducing it, then the magnetic snsceptlblllty, 
K, is gisTn by 


K “ 


2 

H 
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The tnagneiic induction, B, Is given by 
B « H + ini 

Since I =- kH, B - H(1 + 4?k) 

The quantity 1 + hzK is called the magnetic permeability, fu 

Elements other than iron, nicl^ and cobalt (which ore ferrth 
magnetic) may be divided into two groups : 

(i) Pnr n mag netic : in this group fi is greater than unity and 
K is therefore positive. 

(ii) Dlama^etlc : in this group is less than unity and k is 
ther^OTC negative. 

All compounds are cither paramagnetic or diamagnetic. Para- 
magnetic substances possess a permanent magnetic moment and 
conseqnently orient themselves along the external magnetic field. 
Diamagnetic substances do not possess a permanent magnetic 
moment, and tend to orient themselves at right angles to the 
extcnal magnetic field 

Electrons, becauae of their spin, possess magnetic dipoles- When 
electrons are paired {i.e., their spins arc anti-poralld), then the 
magnetic fiisld is canc^ed out Most organic compounds are dia- 
magnetic, since their electrons are paired. *' Odd electron mole- 
cules", however, are paramagnetic. 

Magnetic susceptibility has been used to obtain information on 
the nature of bonds and the configuration of co-ordination com- 
ponnds. Organic compounds which ore paramagnetic are generally 
free radicals (odd electron molecules), and the degree of dissociation 
of, e.g., hexaphenylethane into triphenylmcthyl has been measured 
by means of its magnetic susceptibility. 

§15. Absorption spectra. When light (this term will be nsed 
for electromagnetic waves of any wavelength) is absorbed by a 
molecule, the molecule undergoes transition from a state of lower 
to a state of higher energy. If the molecule is monatomic, the 
energy absorbed can only be used to raise the energy levels of 
electrons. If, however, the molecule consists of more than one 
atom, the light absorbed may bring about changes in electronic, 
rotational or vibrational energy. Electronic transitions give 
absorption (or enfisakra) in the visible and ultra-violet parts of the 
spectrum, whereas rotational and vibrational changes give absorp- 
tion (or emission) respectively in the far and near infra-red. Elec- 
tronic transitions may be accompanied by the other two, A study 
of these energy changes gives information on the structure of 
molecules. 
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Spectmm 

1 ■Wavelength (A) 

Ultra-violet 

1,000-4,000 

VMbl® 

4.000-7,500 

Neor infra-red | 

7,e00-15 X 10* 

Par infra-red I 

15 X 10*-100 X 10* 


Tho poaltkm of the abtorpUon band can be given as the wavelength 
i (cm,, p, A, m/i) or ai tho wave nmnber, r (cm.-i). 

1 p (micron) — 10”* rnm. 1 mp (mUlimlcron) — I0“* mm. 

1 A (Angitrom) — 10“* cm, — 10“* nun. 1 mp — 10 A, 

10« 

. , „ 1 10 * 10 * 

' > " rpso “ 1 (/,) “ i (A) 

If I, la the intensity of on Incident beam of monochromatic 
light, and I that of the emergent beam which has passed through 
an absorbing medimn of thickness /, then 

I -VO-** or 

where e is the cHindion co^cient of the medium. The ratio 
Ift/I is called the trantmiUanec of the medium, and the reciprocal 
the ctpacity ; the function logjgl^ is called the dentity (i). 

If the absorbing substance is In solution (the solvent being 
eolourliu), and if c is the concentration (number of grams per litre), 
then 

I - 1,10-*^ 

This equation is Beer's law (1852), and is obeyed by most solutions 
provided they are dUuU. In more concentrated solutions there 
may be divergencies from Deer’s law, and these may bo caused by 
aasodatlon, changes in solvation, etc 

If the extinction coefficient is plotted against the wavelength of 
the light used, the absorption curva of the compound is obtained, and 
this is characteristic for a pure compound (under identical con- 
ditions). 

flSa. Ultra-violet and visible absorption epectm. ^\7jcn 
a molecule absorbs light, it will be raised from the ground state 
to on exdtcd state The position of the absorption band depends 
on the difference between the energy Ic\'els of the ground and exdted 
states. Any change in the structure of the molecule which alters 
the energy difference between the ground and C-xdted states rrill 
thus affect the position of the absoipUon band. This shifting of 
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bands (in the ultra-violet and visible regions) is concerned with the 
problem of colour {see VoL I, On XXXI). 

■With few exceptions, only molecules containing multiple bonds 
give rise to absorption in the near ultra-violet. In compounds con- 
taining only one multiple-bond group, the intensity of the absorp- 
tion mfl-dma may "be very low, but when several of these groups 
ore present in conjugation, the absorption is strong, e.g., an isolated 
0 X 0 (carbonyl) group has an absorption at 2760 A ; an isolated 
ethylene bond has an absorption at Acax. 1950 A, When a com- 
pound contains an oxo group conjugated with an cthylenic bond, 
the compound is an a^unsatuiated oxo compound, the two 
bands no longer occur in their original positions, but are shifted 
to 3100-3300 A and 2200-2600 A, respectively. Thus, in a com- 
pound in which the presence of an ethylenic bond and an oxo 
gro up has been demonstrated (by chemical methods), it is also 
possible to tell, by examination of the ultra-violet ab so rption 
spectrum, whether the two groups are conjugated or not (see, 
cholestenone, t^fd). XI). 

Ultra-violrt and visible absorption spectra have also been used 
to differentiate between geometrical isomers and to detect the 
preseiKe or absence of restricted rotation in diphenyl compounds 
(52. V). 


$15b. Infra-red spectra. In a molecule whicb has some 
deWte configuration, ^e constituent atoms vibrate with frequencies 
which depend on the masse* of the atoms and on the restor in g forces 
brou^t into play when the molecule is distorted from its equi- 
Ubrinm configuration. The energy for these vibrations is absorbed 
from the incident lig^it, and tha-eby gives rise to a vibrational 
fpectrunu A given bond has a characteristic absorption band, 
but the frequency depends, to some extent, on the nature of the 
other atoms joii^ to the two ainmn under consideration. It is 
thus possible to ascertain the nature of bonds (and therefore groups) 
in unknown compounds by comparing their infra-red spectra with 
tabic* of infra-red absorption spectra. At the same time it is also 
possible to verify tentative structures (obtained fr om chemical 
evidence) by comparison with spectra of similar compounds of 
known structure. 

The study of infra-red spectra leads to information on many 
types of problems, e^., 

(I) Infra-red spectroscopy bas been used to distinguish between 
geometrical isomers, and recently Kuhn (1960) shown that the 
spectra of the stereoisomers methyl a- nuH ^-glycosides are differenL 
It also appears that enantiomorjJia in the tciid phase often exhibit 
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different absorption spectra. Infra-red spectroscopy has also been 
a very valuable method in conformational studies (see §11. TV). 

(ii) The three isomeric disnbstitnted benseues have charac- 
teristic absorption bands, and this offers a means of determining 
their orientation. 

(iii) Infra-red spectroscopy has given a great deal of informa- 
tion about the problem of free rotation abont a single bond ; e.g., 
ftinrrt the intensity of absorption is proportional to the concentration, 
it has been possible to asc^atn the presence and amomits of differ- 
ent conformations in a mixture (the intensities vary with the tem- 
perature when two or more conformations are present). 

(iv) Tairtomeric mixtures have been examined and the amounts 
of the tautomers obtained. In many cases the esistene* of tauto- 
tuerism can be ascertained by infra-red spectroscopy {cf. iff). 

(v) Infra-red spectroscopy appears to be the best means of ascer- 
taining the presence of hydrogen bonding (both in association and 
chelation). In '* ordinary ” experiments it is not possible to dis- 
tinguish between intra- and intcrmolecular hydrogen bonding. 
These two modes of bonding can, however, be differentiated by 
obtaining a series of spectra at different dilutions. As the dilutian 
Increases, the absorption due to intermolecular hydr o g e n bonding 
decreases, whereas the intramolecular hydrogen-bonding absorption 
is xmaffficted. 

(vi) It is possible to evaluate dipole momenta from infra-red 
spectra. 

(vii) When a bond between two atoms is stretched, a restoring 
force immediately operates. If the distortion is tmaJl, the restor- 
ing force may be assumed to be directly proportional to the dis- 
tortion, 

/ oc d or f ^hd 

where b is the ttrekbing Joru conjUmt of the bond. It is possible 
to calculate the values of these force constants from infra-red 
(vibrational) spectra- 

(viii) The far infra-red or micro-wave region contains the fitre 
roMional spectrum. Micro-wave spectroscopy (a recent devdop- 
ment) offers a very good method for measuring bond lengths. It 
is possible to calculate atomic radii from bond lengths, but the 
value depends on whether the bond is single, double or triple, and 
also on the charges (if any) on the atoms concerned. *11103 the 
character of a bond can be ascertained from its length, fi.g., if a 
bond length (determined experimentally) differs significantly from 
the sum of the atomic radii, then the bond is not “nonnal". 
Resonance may be the cause of this. 
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Sotne atomic covalent radii (in Angstroms) arc : 

H 030 N (single) 070 Q 0-90 

C (single) O-TT N (doable) 061 Br 1-U 

C (double) 0*07 N (triple) 065 I 1-33 

C (triple) 060 O (single) 0-66 S 1-04 

0 (doable) 067 

Micro-wave spectroscopy is particularly useful for information 
on the molecular structure of polar gases, and is also wed for 
showing the presence of free radicals. 

§15c. Raman tpectra. When a beam of monochromatic light 
passes through a transparent medium, most of the light is trans- 
mitted or scattered without change In wavelength. Some of the 
li|^t, however, is converted into Icni^er wavelengths, fotwr 
frequency (a smaller amount of the light may be changed into 
shorter wavelengths, higher frequency). The change from 
higher to lover frequency Is known as the Raman effect (Raman 
ahljft). It is independent of the frequency of the light used, but 
is characteriitic for a given bond. 

Raman spectra have been used to obtain information on stme- 
tnre, e,g., the Raman spectrum of formaldehyde in aqueous solution 
riiows the absence of the oxo group, and so it is inferred that for- 
maldehyde is hydrated : CH,(OH)^ Raman spectra have also 
been to ascertain the existence of keto-enol tautomerism aiwi 
different conformations, to provide evidence for resonance, to differ- 
entiate between geometrical isomers, to show the presence of associa- 
tion, and to give information on force constants of bonds. 

5 I 6 . X-ray analysis. X-rays may be used with gases, Uqtdds 
or solids, but in. organic chemistry they ore nsiialLy confined to 
solids, which may be single crystals, or substances consisting of a 
mass of minute crystals {powder mtihod), or fibres. "When X-rays 
(wavelength 0'7 to 1'6 A) fall on solids, they ere diffracted to produce 
patterns (formed on a photographic film). Since X-rays are 
diffracted mainly by the orbital electrons of the atoms, the diffrac- 
tion will be a function of the atomic number. Because of this, it is 
difficult to differentiate between atoms whose atomic numbers are 
very close together, e.g,, carbon and nitrogen. Furthonnore, 
since the scattering power of hydrogen atoms (for X-rays) is very 
low, it is normally impossible to locate these atoms except In very 
favourable conditions, and then only with fairly *implFi compounds. 

Two problems are involved in the interpretation of X-ray diffrac- 
tion patterns, vii., the dimensions of the unit cefl and the positi®iB 
of the individual atoms in the molecule. The positions of tb* 
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diffracted beams depend on the dimensions of the unit cell A 
knowledge of these dimensions leads to the following applications : 

(i) Identification of substances ; this is dome by looking up tables 
of unit cells. 

(ii) Determination of molecular weights. If V is the volume of the 
unit cell, d the density of the compound, and n the number of 
molecules in a imlt cell, then the molecular weight, M, is given by 



n 


(HI) Determination of the shapes of molecules. Many long- 
ch^'n polymers exist as fibres, t.g., ceDolose, keratin. These fibres 
are composed of bundles of tiny crystals with one axis parallel, or 
nearly parallel, to the fibre axis. When X-rays fall on the fibre in 
a direction perpendicular to its length, then the pattern obtained is 
similar to that from a single crystal rotated about a principal 
It is thus possible to obtain the unit ceD dimensions of such fibres 
(see, e.g., rubber, §33. VIII). 

The mtensities of the diffracted beams depend on the positions 
of the atoms in the unit cell A knemdedge of these relative inten- 
sities leads to the following applications : 

(1) Determination of bond lengths, valency angles, and the 
general ele ctr on distribution in molecules. 

(u) Determination of molecular symmetry. This offers a means 
of difltingiHshing between geometrical isomers, and also of ascer- 
taining the shape of a molecule, e.g., the diphenyl molecule has a 
centre of symruetry, and therefore the two benxene rings must be 
coplanar (see |2. V). 

(in) Determination of structure. This application was origin- 
ally used for compounds of known structure. Trial models based 
on the structure of the molecule ^^■e^e compared with the X-ray 
patterns, and if they " fitted ", confirmed the structure already 
accepted. If the patterns did not fit, then it was necessary to 
look for another structural formula. More recently, however. 
X-ray analysis has been applied to compounds of unknown or 
partially known structures, e.g., pcnlcUIin (§6a. XVHI). 

(iv) X-ray analysis has been us^ to elucidate the conformations 
of rotation^ isomers (§4a. II), and also to determine the absolute 
configurations of enantiomorphs {§3. II). 

§17. Electron diffraction. Electron diffraction Is another 
<lircct method for determining the spatial arrangement of atoms 
in a molecule, and is usually confined to gases or compounds in the 
vapour state, but may be used for solids and liquids. Electrons 
exhibit a dual behaviour, particle or wave, according to the nature 
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of the experiment The wavelength of electrons is inversely pro- 
portional to their momentum : the wavelength is about O-OO A for 
the voltages generally used- Because of their small diffracting 
power, hydrogen atoms are difficult, if not impossible, to locate. 

By of electron diffraction it is possible to obtain values 

of bond lengths and the sire and shape of molecules, partlculariy 
macromolecnles. Electron diffraction studies have particu- 
larly useful in the investigation of conformations in eyeZohexane 
compounds (see §11. IV). 

5I8. Neutron crystallography. A beam of s/ow neutron* is 
diffracted by dystalline substanca. The equivalent wavEleiigth of 
a slow beam of neutrons is 1 A, and since this is of the order of 
interatomic distances in oystals, the nentrons wilJ bo diffiacted 
This method of analysia is particularly useful for determining the 
positions of lig}U atom, a problem whi^ is very difficult, and often 
impossible, with X-ray analysis. Thus neutron diffraction i* 
extiremely useful for looting hydrogen atoms. 

In addition to studying solids, neutron diffraction has also been 
applied to gases, pure liquids and solutions. 

$19. Nuclear magnetic resonance. Is addition to magnetic 
moments due to electrons ($14), there are also magnetic moments 
due to nuclei. Nuclei contain protons and neutrons which spin 
about their own axes and hence these particles possess magnetic 
moments. In most nuclei the spins arc not cancelled out and 
consequently such nuclei possess a resultant nuclear magnetic 
moment. Transitions among the various nuclear magnetic energy 
levels may be induced by means of an external oscillating m^- 
netic field, and xmder certain conditions, resonance absorption 
occurs. To produce nuclear magnetic resonance, the alternating 
field must have a comparatively low frequency (radfofrequencies), 
and furthermore, the frequen^ of the absorbed energy can be 
varied by changing the strength of the applied field The reson- 
ance fre^endca of most magnetic nuclei lie between 0*1 and 40 
megacycles for fields varying from 1,000 to 10,000 gauss. 

Nuclear ma g n etic resonance has been used to provide infonna- 
tion on molecular structure, molecular electron distribution, and 
hindered rotation. It has also been used, for the measurement of 
keto-enol equilibria and for the detection of assodatiDn, etc. 
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CHAPTER U 


OPTICAL ISOMERISM 

§1. Stereoisomerism. Stereochemistry is the “ chemistry 
of space", stereochemistry deals with the tpaiial arrangements 
of atoms and gronps in a molecnle. Stereoisomerism is exhibited 
by isomers having the soma stnictnre bnt differing in their spatial 
arrangement, having different configurations. Different con- 
figurations are possible becaose carbOT forms mainly covalent 
bonds and these have direction In space. The covalent bond is 
formed by the overlapping of atomic orbitals, the bond energy 
being greater the greater the overlap of the component orbitals. 
To get the maximtim overlap of orbitals, the orbitals should be in 
the same plane. Thus non-tphrrical orbitals tend to form bonds 
in the direction of the greatest concentration of the orbital, and this 
consequently produces a directional bond (see also VoL I, Ql II). 

There are two types of stereobomeiism, optical laomerlsm and 
geometrical Isomerism (di-trans Isomerism). It is not easy 
to define them, bat their meanings will become clear as the study 
of stereochemikry progre s ses. Even 90, It is highly desirable to 
have some idea ab^t their meanings at this stage, and so the 
foDowing summaries are given. 

Optical Isomerism is characterised by compounds having tho 
same stmchire but different configurations, and because of their 
ptokcuiar asymmetry these compounds rotate the plane of polarisa- 
tion of plane-polarised light. Optical isomers have similar physical 
and chemical properties ; the most mariced difference between 
them is their action on plane-polarised light (see 512. I). Optical 
isomers may rotate the plane of polarisation by equal and opposite 
amounts ; these optical isomers arc enontlomorphs (see §2). On 
the other hand, some optical isomers may rotate the piano of 
polarisation by different amounts; these are diastereolsomera 
(see 57b). Finally, some optical Isomers may possess no rotation 
at all; these are diastereolsorocrs of the meso-type (see 57d). 

Geometrical Isomerism is characterised by compounds having 
tho same structure but different configurations, and because of 
their moJcailar symmetry these compounds do not rotate the plane 
of polarisation of planc-polaiised light Geometrical isomers differ 
in all their physical and to many of their chemical properties. They 
can also c:dilbit optical isomerism If the stru ct m e of the molecule. 
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apart from giving rise to gcornetrical isomerism, is also asymmetric. 
In general, geometrical isomerism involves molecule* ■whicli can 
assume diScrent stable configurations, the ability to do so being 
due, e,g., to the presence of a double bond, a ring structure, or the 
spatial effect (sec Oa. IV and V). 


|2. Optical leomerisni. It has been found that only those 
structures, crystalline or molecular, which are not superimposable 
on their mirror images, are optically active. Such structures may 
bo dUsymmotric, or atymnuiric. Aqonmetric structures have no 
elements of symmetry at all, but dissymmetric structures, although 
possessing some elements of symmetry, are nevcrtheles* still capable 
of existing in two forms (one the mirm imago of the other) which 
are not superimposable. To avoid unnecessary complications, we 
shall use the term asymmetric to ajvtr both cases (of asymmetry 
and dissymmetry). 

Optical activity due to cryatalUne stmetore. There are 
many substances which are optically active in the solid state only, 
e.g„ quartz, sodium chlorate, benol, etc. I^t us consider quartz, 
the first substance shown to be optically active (Arago, 1811), 
Quartz exists In two crystalline forms, one of which is dextro< 
rotatory and the other h ev oro ta tory. These two forms are mirror 
images and are not superimposabla. Such pairs of crystals are 
said to be onantiomorphous (quartz crystals are actu^y hemi- 
bedral and are mirror images). X-ray analysis has shown that the 
quartz crystal lattice is built up of siliam and oxygen atoms 
arranged in left- and ri^t-handed spirals. One Is the mirror 
image of the other, and the two are not superimposable. "When 
quartz crystals are fused, the optical activity is lost. Therefore 
the optical activity is entirely duo to the asytrmotry of crystaSino 
tiniciure, since furion brings about only a physical change. Thus 
we have a group of substances which are optically active only so 
long as they remain solid ; fuskm, vaporisation, or solution in a 
solvent causes loss of optical activity. 

Optical activity due to zuolecular atructare. There are 
many compounds which are optically active In the solid, fused, 
gaseous, or dissolved state, e.g., glucose, tartaric acid, etc. In this 
cBwt the optical activity is entirely doe to the asyntnuiry of tfu 
tnolotular strudurs (see, however, 51 I)* The original m oIcCTte and 
its non-euperimposable mirror image are known as enantiomorpAa 
(this name la taken from crystallography) or opitcal aniipo^. 
They are often referred to as optical itonen, bttt there is a 
tendency to reserve this term to denote aJl isomers which have the 
stnictural formula but different configurations (leo JI). 
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Properties of cnantlomorphs. It appears that enantio- 
morphs are identical physically except in two respects : 

(i) their Tnnnnfr of rotating polar^ed light ; the rotations are 
equal bnt opposite. 

(ii) the absorption coeffidenta for dextro- and hevocircularly 
polarised light are different ; this difference is known as circular 
dichroitm or the Cotton effect (see also §8. HE). 

The crystal forms of cnantiomorphs may be mirror images of each 
other, i.e., the crystals themselves may be enantiomorphons, but 
is unusual [see also §10 (i)]. Enantlomorphs are similar 
chemically, but their rates of reaction with other optically active 
compounds are usually different [see §10 (vh')]. They may be 
different physiolt^cally, e.g., (-p)4iistidine is sweet, (— )- tasteless ; 
(— )-nicotine is more poisonous than (+)-. 

§3. The tetrahedral carbon atom. In 1874, van't Hoff and 
Le Bel, independently, gave the solution to the problem of optical 
isomerism in organic compounds, van't Hoff proposed the theory 
that if the four valendes of the carbon atom are arranged tetra- 
hedrally (not necessarily regular) with the carbon atom at the 
centre, then all the cases of isomerism known are acco nn ted for. 
Le Bel’s theory Is substantially the same as van't Hoff’s, bnt differs 
in that whereas van’t Hoff h^cved that the valency distribution 
was definitely tetrahedral and fixed as such, Le Bel believed that 
the valency directions were not rigidly fixed, and did not specify 
the tetrahedral arrangement, but thou^t that xrhaiever the spatial 
arrangement, the molecule Qabda would be asymmetric. Later 
work has shown that van’t Hoff's theory is more in keeping with the 
facts (see below). Both van't Hoff’s and Le Bel's theories were 
based on the assuitiption that the four hydrogen atoms in methane 
are equivalent ; this assumption has bem shown to be correct by 
means of chemical and physico-chemical methods. Before the 
tetrahedral was proposed, it was believed that the four carbon 
valencies were planar, with the carbon atom at the centre of a 
square (Kekuli, 1858). 

Pasteur (1848) stated that all substances fell into two groups, 
those which were superimposable on tlwir mirror images, and th^ 
which were not. In substances such as quarts, optical activity is 
due to the dissymmetry of the crystal structu re, b^ in compounds 
like sucrose the optical activity Is due to molecular dissjromietry. 
Since it is impossible to have molecular d i ssy mm etry if the molecule 
is flat, Pasteur’s work is based on the idea that moleculfis are three- 
dimensional and arranged dissjanmetricalty. A further interest- 
ing point in this connection is that Pastern quoted an irregular 
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‘When a compound contains four different groups attached to a 
carbon atom, that carbon atom is said to be asymmetric (actually, 
of course, it is the poxtp v^ch is asymmetric ; a carbon atom 
cannot be asymmetric). The majority of optically active com- 
pounds (organic) contain one or more asymmetric carbon atoms. 
It should be remembered, however, that the essential requirement 
for optical activity is the asymmetry of tMe tnoleevJe, A molecule 
may contain two or more asymmebic carbon atoms and stlH not 
be optically active (see, e.g., |7d). 

Isotopic asymmetry. In the optically active componnd 
Cabde, the groups a, h, d and e (which may or may not contain 
carbon) are all different, but two or more may be sirucittral isomers, 
e.g., propyltwpropylmethanol is optically active. The substitution 
of hydro^m 'by de^crium has also been investigated in recent years 
to ascertain whether these two atoms are sufficiently different to 
give rise to optical isomerism. Tlw earlier work gave conflicting 
results, e.g., Qemo ei oL. (1038) claimed to have obtained a small 
rotationfora-pentadeutcrophenylbenzylamine,C,D,*CH{C|H 5 )*NHj, 
but this was disproved by Adams et aL (1938). Erlenmeyer d al. 
(1938) failed to resolve C,H,<H(C*D0‘CO|H, and Ives et al. 
(1948) also failed to resolve a number of deutero-compounds, one 
of which was C^Hi'CHj'CHD'COjH. More recent work, however, 
appears to be conclusive in favour of optical activity, 6.g., Eliel 
(1949) prepared optically active methyiphenyldeuteromethane, 
CHj'CHD’CgHj, by reducing optically active m^ylphenylmethyl 
chloride, CHj-CHQO,H|, with lithium aluminium deuteride ; 
Ross et al. (1056) have prepared (— )-2-deuterobutane by reduction 
of (— )-2-chlorobutBne with lithium alundmum deut^de ; and 
Alexander ei al, (1949) reduced <ranj-2-^»-mentbene with deuterium 
(Raney nickel catalyst) and obtained a 2:3-dideutero-<riins-^ 
menthane (I) that was slightly Itevorotatory. Alexander (ISM) 
also redact (— )-menthyl tolaene-^>^phonate and obtained an 
optically a ctiv e 3-deutero-iran5-jfr-men thane (II). 
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Further evidence for the tetnihedral carbon atom 
(i) Conversion of the tw> forms (enantiomorphs) of the molecule 
Cabde into Qajjd results in the formation of one compound only 
(and disappearance of optical activity), e.g., both dextro- and 
Isevorotatory lactic add may be reduced to the same propionic acid, 
which is not optically active. These results are possible only with 
a tetrahedral arrangement (Fig. 7 ; see §5 for the convention for 
draving tetrahedra). 



CHj CHj CH, 


D-I»ctic add propionic ^dd L4actic*dd 

Fio. 1.7. 

(ii) If the configuration is tetrahedral, then interchanging any two 
groups in the molecule Cabde will produce the enantiomorph, e.g., 
b and $ (sec Fig. 8). Fischer and Brauns (1914), starting with 
(-f'H^nDpylmalaiiamie add, carried out a series of reactions 
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whereby the carboxyl and the carbon amide gnmps were inter- 
changed; the prodnet was (— )-iwpropylmaIonainic add It is 
most Important to note that in this scries of reactions no bond 
connected to the asymmetric carbon atom was ever broken (for an 
explanation, seo Walden inversioa, Ch. III). 

This change from one enantioraorph into the other is in agreement 
with the tetrahedral theory. At the same time, this series of reac- 
tions shows that optical isomers have identical etmetnres, and so 
the difference must be due to the spatial arrangement 
(iff) X-raycrystallography, dipole moment measurements, absorp- 
tion spectra and electron diffraction studies diow that the four 
valencies of carbon are arranged tetrahedrally with the carbon 
atom inside the tetrahedron. 

It shonld bo noted In passing that the tetrahedra are not regular 
unless four identical groups ore attached to the central carbon atom ; 
only in this case are the four bond lengths equaL In all other case* 
the bond lengths will be different, the actual values depending on 
the nature of the atoms joined to the carbon atom (see §15b, I). 


§4. Two postulates underlie the tetrahedral theory, 
fi) The principle of constancy of the valency an^e. Mathe- 
matical calculation of the angle subtended by each side of a regular 
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tetrahedron at the central carbon atom (Fig. 9) 
gives a value of 100® 28'. Originally, it was 
postulated (van't Hoff) that the valency angle was 
fixed at this value. It is now known, however, 
that the valency angle may deviate from this 
value. The four valencies of carbon are formed by 
hybridisation of the 2»* and 2p^ orbitals, i.e,, there 
are four bonds (see VoL I, Ch. II). Quantum 


mechanical calculations show that the four carbon valencies in the 


molecule Ca^ are equivalent and directed towards the four comers of a 
regular tetrahedron. Furthermore, quantum mechanical calculations 
require the carbon bond angles to be close to the tetrahedral value, 
since change from this value is associated with loss in bond strength 
and consequently decrease in stability. According to Coulson et ai. 
(1040), calculation has shown that the maUesi valency angle that 
one can reasonably expect to find is 104®. It is this value which 
is found in the cyclopropane and ^fobutauc rings, these molecules 
bdng relatively unstable because of the '* bent " bonds (Coulson ; 
see Baeyer Strain Theory, VoL I, Ch- XDC). 

(ii) The principle of free rotation about a alnj^e bond. 
Originally, it was believed that internal rotation about a single 
bond was completely free. When the thermodynamic properties 
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were first calculated for ethane on the assumption that there was 
complete free rotation about the carbon-carten single bond, the 
results obtained ^ve^e in poor agreement with those obtained experi- 
mentally. This led Pitzer et aL (1936) to suggest that there was 
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restricted rotation about the single bond, and calculations on tMa 
basis gave thermodynamic properties in good agreement with the 
experimental ones. The potential energy curve obtained for 
etWe, in which one methyl group Is imagined to rotate about 
the C— C bond as axis with the other group at rest, is shown in 
Fig. 10 (a). Had there been complete free rotation, the graph 



Fia. 2.11 (1). 
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wotUd have been a horizontal straight line. Fig. 10 (6) [this 
projedion /ormida is obtained by viewing the molecnle along the 
bonding lino of the two carbon atom*] represents the fren* or 
Bta^ered form in which the hydrogen atoms {on the two carbon 
atoms) are as ^ apart as possible. Fig. 10 (cj represents the cw 
or eclipsed form in which the h 5 rdrogen atoms arc aa close together 
as poffiible. It can be seen from the graph that the eclipsed form 
has a hi^er potential energy than the staggered, and ^e actual 
difference ha* been found to be (by calculation) about 2’86 kg.caL/ 
mole. The value of this potential energy barrier is too low to 
permit the isolation of each form by chemical methods. 

Now let us consider the case of ethylene chloride. According 
to Bernstein (1940), the jMtential energy of ethylene chloride 
tindergoes the changes shown in Fig. 2.11 (i) when one CHjG 
group is rotated about the C — C bond with the other CH,Q at 
rest, There are two positions of mjnimnm energy, one correspond- 
ing to the staggered (transoid) form and the other to the gauche 
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(skew) form, the latter possessing approximately 1*1 kg.cal more 
than the former. The fully eclipsed (cisoid) form possesses about 
4*6 kg.caL more energy th^ji the staggered form and thus the latter 
is the preferred form, i.e., the molecule is largely in this form. 
Dipole moment studies show that this is so in practice, and also 
sh^ (as do Raman spectra studies) that the ratio of the two forms 
varies with the temperatine. Furthermore, infra-red, Raman 
spectra and electron diffraction studies have shown that the gauche 
form is also present. According to Ifixushima ei aL (1938), only 
the staggered form is present at low temperatures. 

The problem of internal rotation about the central C — C bond 
in n-butane is interesting, since the values of the potential energies 
of the various forms have been used in the study of cyclic com- 
pounds (see cyclohexane, §11. IV). The various forms are shown 
in Fig. 2.11 (u), and if the energy content of the staggered form is 
taken as rero, then the other forms have the energy contents shown 
(Pitser, 1061). 

From the forgoing account it can be seen that, in theory, there 
is no free rotation about a single bond- In practice, however, it 
may occur if the potential barriers of the various forms do not 
differ by more thaii about 10 kg.cal/mole. Free rotation about 
a single bond is generally accepted in simpU molecules. Restricted 
rotation, however, may o cc ur when the molecule contains groups 
large enough to imp^e free rotation, c.g., in onlAosubstitated 
diphenyls (see Ch. Vj. In some cases resonance can give rise to 
rratricted rotation a^ut a “ single " bond. 


§4a. Conformational analysis. Molecules which can form 
isomers by rotation about single bonds are called flexible mole- 
cules, and the different forms taken up are known as different 
conformatlona. The terms rotational isoman and consUUaiions 
have also been used in the same sense as conf orma tions. 

Various definitions have been given to the term conformation 
(which was originally introduced by W. N. Haworth, 1029). In 
its widest sense, conformation has been used to describe different 
spatial arrangements of a molecxilo ^dilch are not superimposable. 
This means, in effect, that the terms conformation and configuration 
are equivalent. There is, however, an important difference in 
meaning between these terms. The definition of configuration, in 
the classical sense (§1), does not inclu(k the problem of the internal 
forces acting on the molecule. The term conformation, howe v er, 
is the spatial arrangement of the molecule when all the internal 
forces acting on the molecule are taken into account. In this 
more restricted sense, the term conformation is used to Hi-rignaf**' 
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different spatial arrangements arising by twisting or rotation of 
bonds of a given configuration (used in the rJaswical sense). 

The existence of potential energy barriers between the various 
conformations shows that there are internal forces acting on the 
molecule. The nature of these interactions that prevent free 
rotation about single bonds, however, is not completely dear. 
According to one theory, the hindering of internal rotation is due 
to dipole-dipole forces. Calculation of the dipole moment of 
ethylene chloride on the assumption of free rotation gave a value 
not in agreement with the experimental value. Thus free rota- 
tion cannot be ajBumed, but on the assumption that there is Inter- 
action between the two groups through dipole-dipole attractive or 
repulsive forces, there will be prefer red conformations, to,, the 
internal rotation is not completely free. This restricted rotation 
is shown by the fact that the dipole moment of ethylene chloride 
increases with temperature ; in the staggered form the dipole 
moment is rero, but as energy it absorbed by the molecule, rota- 
tion occurs to produce finafly the eclipsed form in which the dipole 
moment is a maximum. Further work, however, has shown that 
factor® other .than dipole-dipole interactions must also be operating 
in opposfcog the rotation. One of these factors is eteric repnliiou, 
»A, repulsion between the nan-bonded atoms (of the rotating 
groups) when they are brought into doee proximity (efr the van 
der Waals forces, §2, I). The existence of steric repolsian may 
be illustrated by the fact that although the bond moment of C — Q 
is greater than that of C — Br, the energy difference bet w e en the 
eclipsed and staggered conformations of ethylene chloride is less 
tlinn that of ethylene bromide. Furthermore, if steric repulsion 
does affect inter^ rotation, then in the ethylene halides, steric 
repulsion between the hydre^en and halogen atoms, if sufficiently 
large, will give rise to two other potentid energy rpinimfl (these 
correspond to the two gauche forms, and these have been ^own 
to be present ; see Fig. 2.11 Q), §4). 

Other factors also affect stability of the varions confonnations. 
Staggered and gauche forms always exist in molecules of the type 
CH,Y*CH|Z (where Y and Z are Cl, Br, I, CH„ etc.), and usually 
the sta gger ed form is more stable than the gauche. In a molecule 
such as ethylene chlorohydrin, ho wever , it is the gauche form which 
is more stable than the staggered, and thin js due to the fact that 
intramolecular hydrogen bonding fa possiblo in the former but not 
in the latter. 

Still other causes have been pre^xaed to account for the absence 
of complete free rotation about a single bond. E^,, since the 
energy required to rotate one methyl group about the C — C whigiw 
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bond in ethane is greater than expected from steric repulsion be- 
tween the hydrogen atoms, it has been su^ested that the cause 
is suond-ordcr hypcrconjugaiion (sec VoL I) : 

— C-— C — TTj — C=li| 

Thus the C — C bond acquires a CTiflll amount of double-bond 
character and consequently offers more resistance to rotation than 
had it been a pure single bond- Calculations, however, have 
shown that the re^tance to the rotation Is too small to be accoxmted 
for by hyperconjugation. 

^Vhen the stability of a molecule is decreased by internal forces 
produced by interaction between constituent parts, that molecule 
is said to bo under steric strain. There are three boutcm of steric 
strain, the internal forces may arise from three different causes, 
viz., (i) repulsion between non-bonded atoms, pi) dipole inter- 
actions, and (iii) distortion of bond-angles, \Vhidi of these plays 
the predominant part depends on the nature of the molecule in 
question. This study of the existence of preferred conformations 
b molecules, and the relating of physical and chemical properties 
of a molecnle to its preferred conformation, is known as conforma- 
tional analysis. The energy differences bet w e en the various con- 
formations determine which one Is the most stable, and the ease 
of transformation depends on the potential energy barriers that 
exist between these conforraatiems. It should be noted that the 
molecule, in its unexcUed state, will exist largely in the conforma- 
tion of lowest energy content. If, however, the energy differences 
between the various confonnations arc small, then when excited, 
the molecule can take up a less favoured confor m ation, c.^., during 
the course of reaction Nvith other molecules (see 511. IV). 

Because of the different environments a reactive centre may 
ba\*e in different conformations, confo rma tion will therefore affect 
the course and rate of reactions involving this centre (see §11. IV), 

Many methods are now used to Investigate the conformation of 
molecules, c.g., thcimod>’namic calcubtkms, dipole moments, 
electron and X-ray diffraction, infra-red and Raman spectra, and 
chemical methods. 

§5. Conventions used In stereochemistry. The original 
mctliod of mdicating cnantlomorphs \ras to prefix each one by 
d or I according os it was dextrorotatory or kev-orotatory, van't 
Hoff (1874) introduced a -b and — notation for designating the 
configuration of an asymmetric carbon atom. He used mechanical 
models (built of tetrahedra), and the -}♦ and — signs were gi^*cn by 
obse^^'^ng the tetrahedra of the mcdianicnl model from the centre 
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of the modeL Thus a molecule of the type CoW-Coirf may be 

designated 4- +. > and 4 . E. Fhiher (1891) pointed out 

that this 4- and — notation can lead to wrong interpretations when 
applied to molecules containing more than two asymmetric carbon 
atoms (the signs given to each asymmetric carbon atom depend on 
the point of observation in the molecule). Fischer therefore pro- 
posed the use of plane projection diagrams of the mechanical 
models instead of the 4- and — system. 

Fischer, working on the configuratians of the sugars (see §1. VII), 
obtained the plane formulas I and n for the enantiomorphs of 
saccharic add, and arbitrarily chose I for dextrorotatory saaharic 
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add, and called It d-saccharic add. He then, from this, deduced 
formula m for d-glucose. Furthermore, Fischer thought it was 
more important to indicate stereochemical relationships than 
merely to indicate the actual direction of rotatian. He therefore 
propcnedthat theprefixoadandlshonld refer to stereochemical 
relationships and not to the direction of rotation of the 
compound. For this scheme to be self-consistent (among the 
sugars) it is necessary to choose onfi sugar as standard and thei 
refer all the others to it, Fischer apparently intended to use the 
whereby the compounds derived from a given aideJ^de tugar 
Bhoiild be designated according to the direction of rotation of the 
parent ald o s e . 

Natural mannose is dextrorotatory. Hence natural mannose will 
be d-marmose, and all derivatives of d-marmose, e.g., mannonic 
bi 44, maimitol, mannose jdienylhydraeone, etc., will thus belong 
to the d-serles. Natural glucose is dextrorotatory. Hence natural 
glucose will be d-glucose, and all its derivatives will belong to the 
d-series. Furth erm o r e, Fischer (1890) converted natural mannose 
into natural glucose as follows : 

d-mannose if-manuonic add 
— ► d-mannolactone d-glucose 
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Since natural glucose is <i-ghicDse (according to Fischer’s scheme), 
the prefix d for natural glucose happens to agree with its dextrorota- 
tion (with i-mannose as standard). Natural fructose can also be 
prepared from natural mannose (or natural glucose), and so will be 
d-fnictose. Natural fructose, however, is hevoro ta tory, and so is 
written as d(— )'fructose, the symbol d indicating its tientxAemical 
relationship to the parent aldose glucose, and the symbol — placed 
in parentheses before the namg indicating the actual direction of 
rotation. 

More recently the symbols d and I have been replaced by d and 
L for configurational relationships, e.g., L(+)-lactic add- Also, 
when dpaling with compounds tl^ cannot be referred to an arbi- 
trarily chosen standard, (-1-)- and (— )- are used to indicate the 
fHgn of the rotarion. The prefixes dcxtro and lavo (without hyphens) 
are also used, 

Fischer’s proposal to use each aldou as the arbhraiy standard 
for its derivati^ leads to some difficulties, e.g., natural arabinose 
is dextrorotatory, and so is to be denignated D-arabinose. Now 
natural arabinose (tHirabinose) can be converted into mannonic 
add which, if EKnaWose Is taken as the parent aldose, will there- 
fore be D-maimonk add. This same ac^ however, can also be 
obtained from L-mannose, and so should be designated as L-mannonic 
add. Thus In cases such as this the use of the symbol d or l will 
depend on the historical order In which the stereochemical rela- 
tionships were established This, obvionsly, is an unsatisfactory 
position, which was realised by RosanoS (1906), who showed that 
if the cnantlomorphs of glyceraldeh)rdo (a molecule which contains 
only one asymmetric carbon atom) are chosen as the (arbitrary) 
standard, then a satisfactory system for correlating stereochemical 
relationships can be develop^ Ho also proposed that the formula 
of dextrorotatory glyceraldehyde should 1^ ^tten as in Fig. 12 (c) , 
in order that the arrangement of its asymmetric carbon atom sho^d 
agree with the arrangement of C, in Fischer’s projection formula 
for natural glucose (see formula III above). 

It is of great interest to note in this connection that in 1900 
the active forms of glyceraldehyde had not been isolated, but in 
1914 Wohl and Moraber separated DL-glyceraldehyde into its 
enantiomorphs, and in 1917 they showed that de xtroro tatory 
glyceraldehyde was stereochemically related to natural glucose, i.e., 
with D(-l-)-gl 5 TeraMeh 3 rde as arbitrary standard, natural glucose fa 
D(-i-)-glucose. 

The accepted co nv ention for drawing D(4-)-glyceTaIdehyde — the 
agreed {ar^lrary) standard — fa shown in FTg. 12 (c). The tetra- 
hedron fa drawn so that three c o m ers ore imagined to be eiove 
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the plane of the paper, and the fourth Moo* the plane of the paper. 
Furthennore, the spatial arrangement of the four groups joined 
to the central carbem atom must b« placed ax shoxfn in Fig, 12 {a), 
i.e„ the accepted conTontfoo for draTrfng p(+)-gIyceralde- 
hyde places the hydrogen atom at the left and the hydroxyl 
group at the right, with the aldehyde group at the top comer. 
Now imagine the tetrahedron to rotate about the horizontal line 
joining H and OH until it takes up the position shown in Fig. 12 {6). 
This is the conveniional position for a tetrahedron, groups joined 
to fvU hariionial lines being ahave the plane of the paper, and those 
j<^ed to brvken vertical lines being helcv the plane of the paper. 
The eonvmtionai plana’diagram is obtained by drawing the fuD 
horizontal and broken vertical lines of Fig. 12 (i) as full lines, 
placmg the groups as they appear in Fig. 12 (i), and taking the 
asymmetric carlm atom to be at the point where the lines cross. 
Although Fig. 12 {e) Is a plane-diagram, it Is most important to 
remember that horizontal lines represent groups above the plane, 
and vertical lines groups below the plane of the paper. Fig. 12 (d) 
represents the plane-diagram formula of -)-glyceraldehyde ; 
here the hydrtgnt atom ix to iMe right and ihs hydroxyl group to the UJl. 
Thus any compound that can be prepared froin, or converted into, 
belong to the i>-5erics, ShnSariy, any 
compound that can be prepared from, or converted into, t(— )- 
glyccraldehyde will belong to the L-scries. When representing 
relative configorational relationship of molecules containing more 
than one asymmetric carbon atom, the axymmetric carbon atom of 
glyceraldekydc it almsyi draoxn at the bottom, the rest of the molecule 
being built up from this unit. 


i 

I 


■ 

HO — 0 — H 


■ 

OH, OH 


D-torte* 


L-seriea 
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Thus we have a scheme of classification of relative configurations 
based on D(-|-)-glyceraldehyde as arbitrary standard. Even on this 
basis confusion is still possible in relating configurations to the 
standard (see later). To o v ercome these difficulties, Cahn and 
Ingold (1961) have suggested a " sequence rule These authors 
propose that the groups round each asymmetric carbon atom should 
be placed in order of decreasing atomic numbers of certain selected 
Sets of their atoms, and correlated with the OH, CHO, CH,OH, 
and H of glyceraldehyde, A Set comprises certain atoms which 
are specified by a rule. If the order of the groups is clockwise when 
viewed from the side opposite to the hydrogen atom (or the group 
correlated with thk hydrogen atom), the configuration is d, and if 



Fm. in. 


CHO 

1 

H— C— OH 

I 

CH^OH 

D-flIycanWehytie 


anticlockwise l (Fig. 13). The symbols t> and l refer to configura- 
tions about a ghen atom which must be numbered or lettered, e.g., 
natural dextrorotatory tartaric acid will be aD:a'D-tartaric add (see 
appropriate reading reference for further details). 

Until recently there was no way of determining, with certainty, 
the abioltde configuration of molecules. Arbitrary choice Tnakps the 
configuration of D(4-)-glyceraldehyde have the hydr ogen to the left 
and the hydroxyl to the ri^t. Bijvoct ei ai. (1061), however, 
have shown by X-ray analysis of sodium rubidium tartrate that it is 
possible to differentiate between the two optically active forms, i^., 
it is possible to determine the abaolnte configuration of these two 
enantioroorphs. These authors showed that natural dextrorota- 
tory tartaric add has the configuration assigned to it by Fischer 
(who correlated its configuration with that of the saccharic adds). 
The configurations of the tartaric adds are a troublesome problem. 


COjH 

H—C — OH 

I 

no—o— H 


COjH 
HO— 0— H 


H— 0— OH 


COjH 

IV 


COjH 
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Rscher wrote the configuration of natural dextrorotatory tartaric 
acid as rV. If we use the convention of writing the glycfialddiyde 
unH at the bottom, then IV is L(4-)“tartaric add and V d{--)- 
tartaric add. This relationship (to glyceralddiyde) is confirined 


OUO 

1 

H-^-on 

OH, OH 

D(+) -glyceraldehy da 
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ON 
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ON 

H— Or-on 

1 

HO— Or-H 
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H— 0.— OH 

j* 

II— 0,-0 H 

l‘ 

OH/)H 

OH, OH 

CO,H 

CO,H 

H— (V- OH 

1 

HO — Cr-H 

1 

+ 1 

H— 0,— OH 

H — 0,-OH 

io.H 

<{o.H 

meso tartaric 

(oVtartarie 
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add.. 


by the conversion of D(+)-glyccndddiydc into hevorotatory tartaric 
add via the KlUani teacticra (see VoL I). Thus (— )-tartaric add U 
i)(— )-tartaric add (V). On the other hand, (+)*tartaric add can 
be converted into d(— )' glycerlc add, and so (4-)’tartaric add is 
D(+)-tartaric add (TV). The confusion arises because in one act 
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of reactions the configuration of Cj has been correlated with d(+)“ 
giyccraldehyde, whereas in the other set of reactions it is the con- 
figuration of C, that has been correlated. The scheme proposed 
by Csihn and Ingold clears up the difficulty by relating mcH indi- 
vidual aaymmfiric carbon atom to D{-l-)-glyce^debyde according 
to the sequence rule. On this basis, natural d extr or o tatory tartaric 
add is thus (4-)-aD:a'D-tartaric add (IV), D(+)-tartaric add. 

Thus an important problem when dealing with optically active 
compounds is to correlate configurations with a standard (whether 
arbitrary or absolute). The configurations of many classes of 
natural products have now been correlated with glyceraldehyde 
(see carbohydrates, VII ; terpene*, §23e. Vin ; steroids, 
54b. XI ; amino-adds, §4. XIIT). Various methods have been 
used for correlation of configuration : chemical methods {e^., as 
described for tartaric add), the study of optical rotations [e.g., 
steroids), and the study of quasi-raconic compounds (see §Ba). 


§6. Elements of symmetry, Ti^ test of superimposing a 
formula (tetrahedral) on its mirror image definitely indicates whether 
the molecule is symmetrical or not ; it is asymmetric if the two 
forms are not su p er t m posable.. The most satisfactory way in which 
supcrimposability may be ascertainwi is to build up models of the 
molecule and its mirror image. Usually this is not convenient, and 
so, in practice, one determines whether the molecule possesses (i) 
a plane of s ym metry, (U) a centre of symmetry, or (Ui) an alternating 
axis of symmetry. If the molecule contains at least one of these 
dements of synunetry, the molecule is symmetrical ; if none of 
these elements of symmetry is present, the molecule is asymmetric. 

(1) A plane of symmetry divides a molecule in such a way 
that points (atoms or groups of atoms) on the one side of the plan^ 
form mirror images of those on the other side. This test may be 
applied to both solid (tetrahedral) and plane-diagram formulae, 
e.g., the plane-formula of the moso form of Cabd-Cabd possesses a 
plane of symmetry ; the other two, (+) and (— ), do not : 


6 

(•*-)*fonn 


6 

(-).form 


b 

meso form 


• plane of 
•ycnmetry 


(ii) A centre of eymmetry b a point from whkh lines, when 
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drawn on one aide and produced an equal distance on the other ride, 
will meet exactly rimiW points In the molecule. This test can be 
satisfactorily applied only to three-dimensional formulae, particu- 
larly those of ring systems, e.g., 2:4-diraethylrycfobutane-l:3'dicar- 
bojqdic add (Fig. 14). The form shown possesses a centre of 
syimnetry wbidi is the centre of the ring. This form is therefore 
optically inactive. 

Another example wo shall consider here is that of dfmethyidlketo- 
piperaxine ; this molecule can exist in two geometrical isomeric 



forms, cis and irans (see also §11. IV). The eis Isomer has no ele- 
ments of symmetry and can therefore exist in two enantiomorphous 
fonns ; both are known. The trans isomer has a centre of 83 rai- 
metry and is therefore optically inactive. 


OH, CH, 

Loo— nhI 

G 0 

pNH — 00^1 
H H 

05 



trems 


It is important to note that only e^>en-f7^s77^btred rings ran possibly 
p os s ess a centre of symmetry. 

(iii) Alternating axis of symmetry. A molecule possesses an 
«-fold alternating axis of symmetry if, when rotated through an 
angle of 360®/« about this and then followed by reflection in 
a plane perpendicular to the axis, the molecule is the same as it 
was in the starting position- Let us consider the molecule shown 
in Fig. 15 (a) [l:2:3:4-tetraincthylcycZobutane]. This contains a 
four-fold alternating axis of symmetry. Rotation of (a) through 
00® about axis AB which passes through the centre of the ring 
perpendicular to its plane gives (6), and reflection of (i) in the 
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piano of the ring givca {a). It also happens that this molecule 
possesses tis-o vertical planes of symmetiy (through each diagonal 
of the ring), but if the methyl groups are replaced alternately by the 
asymmetric groups (+) — CH(CH^*C|H| and (— ) — CH(CHj)*C,H|, 
represented by Z+ and Z" respectivtly, the resulting mole^c 
(Fig. 16 c) no\v has no planes of symmetry. Nevertheless, this 
molecule Is noi optically active since it docs possess a four-fold 
alternating axis of symmetry [reflection of {i) (which is produced 
by rotation of (c) through 00** about the vertical axis) in the piano 
of the ring givos (c) ; it should be remembered that the reflection 
of a (-|-)-fonn is the (— )-fonn]. 

The (^’c/obutonc derivative (c) given abo\*c to illustrate the mean- 
ing of an alternating axis of sj’inmclry is an imaginary molecule. 
No compound >^^3 known in which the optical inactivity was due 
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to the existence of only an alternating axis until McCasland and 
Proskow (1966) prepared such a molecule for the first time. This 
is a Spiro-type of molecule (§7. V), ri*., 3:4:3':4'-tctramethylspiro- 
(l:l')-dipyrTolidmium ^toluenesulphonate, I (the ^tolnenesulpho- 
nate ion has been omitted). This molecule is discussed in some 
detail in §2a. VI, but here we shall examine it for its alternating 
flTin of symmetry. Molecule I fa snpeiimposable on its minor 
image and hence fa not optically active. It does not contain a 
plane or centre of aymmetiy, but it does contain a four-fold alter- 
nating axis of symmetry. To show the presence of this axis. If 
I rotated through 90“ about the co^xis of both rings, II fa obtained. 
Reflection of II through the central plane (t.^., through the N atom) 
perpendicular to this arfa gives a molecule identical and coincident 
with L 

In practice one decides whether a molecule fa s ymm etrical or not 
by looking only for a plane or centre of symmetry, since no natural 
compound has yet been found to have an alternating arfa of sym- 
metry. The presence of two or more asymmetric carbon atoms will 
definitely give rise to optical isomerism, but nevertheless tom$ 
isomers may not be optically active because these molecules as a 
tahoU are not asymmetric (see {7d). 

§7. The number of Isomers In optically active compounds. 
The number of optical isomers that can theoretically be derived 
from a molecule containing one or more asymmetric carbon atoms 
fa of fundamental importance in stereochemistiy. 

§7a. Compounds containing one asymmetric carbon atom. 
With the molecule Otbds only two optical isomers arc possible, 
and these are related as object and mirror image, i^, there is one 
pair of enantiomoTphs, #.g., D- and L-lactic add. If we ftTnmlne 
an equimoUcular mtirture of dextrorotatory and hev or u tatory lactic 
adds, we find that the mixture Is optically Inactive. This is 
to bo expected, since enaatiomorphs have equal but opposite 
rotatory power. Such a mixture (of equimolecular amounts) is 
said to be optically Inactive by external compensation, and is 
known as a racemic modification (see also §9). A compoimd 
which fa optically inactive external compensation fa known as 
the racemic compound and fa designated as r-, {±)- or dl-, 
ag., f-tartaric add, (±)-limanene, DL-lactic add. 

Thus a compound mntflTn^^g one asymmetric carbon atom can 
exist in ihrt* forms : (+K (— )« (±)- 

Conversion of molecule Ca^ into Cable. Let us ' as an 

example the bromination of propiomc add to give w 
add. 
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CH,-CH,CO,H -^CH,*CHBr<X),H 
11 and III (Fig. 10) are enantiomorphs, and since molecule I is 
symmetrical about its vertical axis, it can be anticipated from the 
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theory of probability that either hydrogen atom should bo replaced 
equally to give (±)-a-bromopropionic add. This actually does 
occur in practice. 

57b. Compounds containing two different asjTnmetrIc 
carbon atoms. When we examine the molecule Cabd-Zabe, 
<.g.. ^•dihromobutyric add, CH»*CHBr*CHBrCO»H, we find that 
there are foxur possible spatial arrangements for this type of molecule 
(Fig. 17). 1 and II are enantiomorphs (the configurations of boih 
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I n III rv 
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asymmetric carbon aro reversed), and an equimolecular mixture 
of them forms a racemic modification ; similarly for III and 
IV. Thus there are six fomis in all for a compound of the 
typo Qahd'Zahc : two pairs of enantiomorphs and two racemic 
modifications. 

I and III arc not identical in configuration and are not mirror 
images (the configuration of one of the two asymmetric carbon 
atoms is reversed) ; they are known as dlastereoisoraers, ij., 
tl^ arc optical isomers birt not enantiomor p hs (mirror images). 
Diastcrcoisoraers differ in physical properties such as melting point, 
density, solubility, dielectric coiatimt and specific rotation. 
Chemically they arc similar, but their rates of reaction with other 
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optically active compotmds are different (c/. the properties of 
cnantiomorphs, §2). 

The planoKiiagrains of molecules I~IV (Fig. 17) will be V-VIII, 
respectively, as shown. It should bo remembered that groups 
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If k 


a - — c 


e -d e 


■a a « 


b b . b b 

V VI VII vin 


joined to horizontal lines lie above the plane of the paper, and those 
joined to vertical lines lie below the plane of the paper (§5). 

Instead of writing down all the possible configurations, the 
number of optical isomers for a compound of the type Cabd'Qsbi 
may be obtained by indicating the configttralion of ea^ asymmetric 
carbon atom by the symbol + or— , orbyDorL; thus : 

+ — D| Li D) Lj 

or 

^ , Di ^ 

(±) (±) "" DL^ DL 



Convonion of mcUcuU inio Zabd'Cabe, Let us consider 

the brominatlon of /J-mcthylvaleric add to give a-bromo-^ 
methylvaleric add. 

CH,-CH.'CH(CH CH,-CH,-CH(CHJ-CHBrCO^ 

^Methylvaleric add contains one asymmetric carbon atom, but the 
bromine derivative contains Uro. Let us first consider the case 
where the configuration of the asymmetric carbon atom in the 
Btaittug material is Dj (IJQ. Bromination of this > will produce 
molecules X end XI ; these are diasteseoisomers and are produced 
in unequal amounts. This is to be antldpated ; the two a-hydrogen 
atoms are not symmetrically placed with respect to the lower half 
of the molecule, and consequently different rates of substitution can 
bo .expected. In the same way, hm minnHnn of the starting 
material in which the configuratkm of the asymmetric carbon atom 
is It P3I) leads to the formation of a mixture of diastareoisomers 
pQH and XTV) in unequal amounts. One can expect, however, 
that the amount of XIII produced from XU would bo the same as 
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th^t of X from DC since, in both cases, the positions of the bromine 
atoms with respect to the methyl gronp are the same. Similarly, 
the amonnt of XTV from XII will be the same as that of XI from 
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IX. Thus bromination of (±)-^mcthylvaleric add \vill result in a 
mixture of four bromo derivadvies which wiD consist of two racemic 
modifications in unequal amounts, and the mixture will be optically 
inactive. 


57c. Compounds containing three different eaymmetrlc 
carbon atoms. A molecule of this type is Cabd’Cab-Caba, e.g., 
the pentoses, and the number of optical isomers possible is eight 
(four pairs of enantlomorphs) : 


Dj ^ 

D, L, 

DL 


Di L, 

D, L, 
L, D, 

DL 


D, 

L, D, 
D, L, 

DL 


L, Dj ^ 

D, L, 

D, L, 

DL 


All the cases discussed so far are examples of a series of compounds 
which contain n strwiuraUy distinct carbOT atoms, ij., they belong to 
the series CaW‘(Ca6),_i*C^. In general, if there are n asymmetric 
carbon atoms in the molecule (of this scries), then there will be 2" 
optically active forms and 2""* resolvable forms {tj., pairs of 
enantiomorphs). These formulae also apply to monocydic com- 
pounds containing n different asymmetric carbon atoms ; they 
may or may not apply to fused ring ^’sUms since spatial factors 
may play a part in the pos^le existence of various configurations 
(see, e.g., camphor, 523a. VIII). 
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§7d. Compounds of the type Cabd’{Cab)x’Cabd. In com- 
pounds of this type the bvo terminal asymmetric carbon atoms are 
similar, and the number of optically active forms possible depends 
on whether x is odd or even. 


(I) EVEN SERIES 

(a) Cabd’Cabd, e.g., tartaric add. In a compound of this type 
the rotatory power of cacii asymmetric carbon atom is the same. 
Now let us consider the number of optical isomers possible. 

D L D L 

DLL D 

I n m IV 


In molecules I and IT, the upper and lower halves reinforce each 
other ; hence I, as a whole, has the dextro- and n, the hevo* 
configuration, I and 11 arc optically active, and enantiomor- 
phous. On the other band. In III the two halves are in oppoaitiou, 
and so the molecule, as a tshoie, will not show optical activity. 
It is also obvious that HE and IV are identical, there is only 
one optically inactive form of Ceid'Cabd. Molecule III is said 
to be optlc^y Inactive by internal compensation. Molecule 
m is known as the meso form, and is a diastereolsomer of the 
pair of enantiomorphs I and II. The tneso form is also known as 
the inactive form and is represented as the f-form ; the meso form 
cannot be resolved (see also §10). Thus there are four forms 
possible for the molecule Cabd-Cabd : one pair of enantiomorThs, one 
racemic modification, and one meso (»-) form. These forms for 
tartaric add are : 
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Inspection of these formulae shows that the D- and Zr forms do not 
poaess any elements of symmetry; the meso form, however, 
p os s es se s a plane of ^imnet^. 
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Cabd'Cab'Cab'Cabd, e.g., saccharic add, 


CO.H-CHOH-CHOH-CHOH-CHOH-CO.H. 


The rotatory po^ve^8 of tbe two terminal asjTmnetric carbon atoms 
are the same, and so are those of the middle two (the rotatory powers 
of the latter are almost certainly different from those of the former ; 
equality would be fortuitous). The possible optical isomers are as 
follows (V-XIV) : 


Di Li 
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Di 


Dl ^ 

Dj Dj 

D, L, 

L, 

Df 
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D, L, 
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DL 
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Molecules V and VI are optically active (enantiomorphous) and 
are not " internally compensated " ; VH and VIII are optically 
active (enantiomorphous) and are not ** internally compensated ” ; 
IX and X are optically active (enantiomoTphous) but are inter- 
nally compensated at the ends " ; XI and Xn are optically active 
(enantiomorphous) but are " internally compensated in the middle ” ; 
Xin and XTV axe m«o forms and are optically inactive by (com- 
plete) internal compensatioiL Thus ihtxt are eight optically active 
forms (four pairs of cnantiomorphs), and two mtso forms. 

In general, in the series of the type CaW*(Ca5)^,-Cflid, if n is 
the number of asymmetric carbon atoms and n is even, then there 

■-I 

will be optically active forms, and meso forms. 


(U) ODD SERIES 

(<j) Cabd-Cab-Cabd, e.g., tribydroxyglutaric add. If the two 
terminal asymmetric carbon atoms have the same configuration, 
then the central carbon atom has two identical groups joined to it 
and hence cannot bo asymmetric. If the two terminal configura- 
tions are opposite, then the central carbon atom has apparently 
four different groups attached to it (the two ends are mirror images 
and not soperimposable). Thus the central carbon atom becomes 
asymmetric, but at the same time tbe two terminal atoms " com- 
pensate internally ” to make the moUcxtU as a whole symmetrical 
(there is now a plane of symmetrj^, and consequently the com- 
pound is not optically active. In this molecule the central carbon 
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CtfW 


Z> D 


plana 
tymmlry 
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XVII xvni 

puto maso 


atom is said to be pseudo-asytnmtiric, and is designated " D " and 
“ L " (or 0 and 0 if the 4* and — convention is used ; §7b). 
There will, however, be two mato forms since the pfieudo-asymmetric 
carbon atom can have two different configurations (see XV-XVnT). 
Thus there are five forms in all ; two optically active forms {enantio- 
morphs), one racemic modification, and two tnaso forms. The 
following are the corresponding tribydroxyglutaric adds, all of 
which are known- 
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(5) CflMCafr*CofrOifr<iaW, In this mcOecnlD the central carbon 
atom li psendo-aiymmetric when the left-hand side of the molecule 
has the opposite configoratlati to that of the right-hand tide ; the 
central carbon atom is symmetrical when both rides have the saine 
confignration- In all other cases the ce n tra l carbon atom Is asymmetric, 
the molecule now containing five asymmetric carbon atoms. The 
follcrwing table shows that there arc rixUen optical isomers possible, of 
which tw el v e are optically active (six pairs of enantiomorphs), and lour 
are mtw forma. 
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Endi xpiiX sam* configuraiumt 

Dj Li Dj L| 

D, L, I-t D| 



DL DL 

MoUcuU wiih fiv4 asynmttric carbon aioms 



DL DL DL DL 


In general, in the series of the type CflW'(Gii)a_j'CaW, if « is 
the number of " asymmetric ” carbon atoms and n is odd, 

•-1 

there will be 2*"^ optical isomers, of which 2~*“ arc ffjAto forms and 
the remainder optically active forms. 

$3. The racemic modlflcation. The racemic modification is 
an equlmolecnlar mi x t ur e of a pair of enantiomorphs, and it may 
be prepared in several ways. 

(I) Mbring of egg {molecular p r op o rti on s of enantiomorphs pro* 
duces the racemk modification. 

^ Synthesis of asymmetric compounds from symmetrical com- 
pounds always results in the formation of the racemic modification. 
This statement is true only if the reaction is carried out in the 
absence of other optically active compounds or circularly polarised 
light (see asymmetric syntheris, JT. HI). 

(iii) Racemlaatlon. The process of converting an optically 
active compoimd into the raceme modification is known as racemi- 
sation. The (+)- and (— )-fanns of most co m po u nds are capable 
of racemisation under the infloence of heat, light, or rhpmlrgl 
reagents. Which agent is nsed depends on the nature of the 
compound, and at the same time the ease of racemisation also 
depends on the nature of the compoimd, $.g. 

(а) Some compounds racemisc so easily that they cannot be 
isolated in the optically active fonns. 

(б) A number of compounds racemisc spontaneously when isolated 
in optically active forms. 

(c) The majority of compounds racemise with various degrees of 
ease under the infioence of different reagents. 

(d) A relatively small number of c om po u nds cannot be racemised 
at all 
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Many theories have been proposed to explain racemisation, bnt 
owing to the diverse nature of the stmcttires of the various optically 
active compounds, one cannot expect to find om theory which 
would explain the racemisation of aU types of optically activo 
compounds. Thus we find that a number of mechanisms have been 
sugg^ed, each one explaining the racemisation of a particular 
ty^ of compound. 

A number of compounds which are easily racemisable are those 
in which the asymmetric carbon atom is joined to a hydn^en atom 
and a negative group. Since this type of compound can undergo 
tantomeric change, the mechanism proposed for this racemisation 
is one via enolisatiom When the intermediate enol form, which is 
symmetrical, reverts to the keto form, it can do so equally well to 
produce the (+)- or (— j-(onns, the compound will mcemhe. 
Let us consider the case of keto^ol tauto mer ism : 


H 

I - 

-0— 0«=0 - —0=0— OH 

II I ,1 

I 11 


I 

A ^ 

ni 


In the keto form, I, the carbon joined to the hydrogen atom and the 
0X0 group is asymmetric ; in the enol form, H, this carbon atom 
has lost its asymmetry. When the enol form reverts to the keto 
form, it can do so to produce the original keto molecule I, but 
owing to its symmetry, the enol form can produce equally well 
the keto form HI in which the configuration of the asymmetric 
carbon atom is opposite to that in I. Thus racemisation, according 
to this scheme, occurs via the enol form, e.g., ( — )-laclic add is 
racemlsed in aqueous sodium hydroxide, and tbia change may be 
fomralated : 


r 

CHj-O — 0 
H 



(-)' 


‘HO OH 

>=oC 

OH, OH. 


OHf— 


i-/ 


on 

(+)- 


'oh 


There is a great deal of evidence to srqjport this tantomeric mechan- 
ism. When the hydrogen atom joined to the asymmetric carbon 
atom is rep l ac ed by some g r o up that prevents taotomerism (enoli- 
sation) then racemisaiion is also prevented (at least under the Eame 
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conditions as the original compound), e,g., mandellc add Is readily 
racemised by warming with aqueous sodium hydroxide. 


H o 

of 

in 

(+)- 


"0,11, OH 

. no' \>n 


?” / 

=°.H.-r°Von 

H 

(-h 


On the other hand, atrobctic add, C,H,*C(CHj)(0H)'C0|H, is not 
racemised under the same conditions ; in t^ case keto-cnol tauto- 
merism is do longer possible, 

Raccmlsation of compounds capable of exhibiting keto-enol 
tautomerism is catalysed by adds and bases. Since keto-enol 
tautomerism Is also catalysed by adds and bases, then if racemisa- 
tion proceeds via enolisation, the rates of raccmlsation and enollsa- 
tion should be the same. This relationship has been established 
by means of kinetic studies, e.g., Bartlett d al. (1D35) found that 
the rate of add-catalyscd iodinatJon of 2-butyl phenyl ketone wns 
the some as that of racemisation in add solution. This is in keep- 
ing with both reactions involving the rate-controlling fomation of 
the enol (see VoL I, Ch. X) : 


OH 

i rh-i=CUeEt : 
I.jcMt 

Ph<XM:QIeEt 


:eEt Ph-CCHMIeEt 
(-) 


On the other hand, on the basis that the mte-dctermlning step in 
base-catalysed enolisatkm and racemisation is the formation of the 
cnolate ion, then the rivo processes will also occur at the same rate. 

O- OH 

B + R<X)-CHR.-^^BH+ + R-i=Cn,-55>B + R .UCR. 

HsQ d al. (1930) found that the rates of bromlnatlon and racemisa- 
tion (in the presence of acetate ions) of 2-o-carboxybcnzyl-l-mdanone 
were idential. 


There are many compounds containing an asymmetric carbon 
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atom which can be raccmlscd under suitable conditions although 
there is no possibility of tautomerism, A number of different types 
of compounds fall into this group, and the mechanism proposed for 
racemisation depends on the type of compound under considcra- 
tiom In the case of compounds of the type of (— )-liiDoneDe 
(§13. WITT), which is racemiUd by strong heating, the medmnisms 
proposed are highly speculative (see, for example, Werner's theory, 
54. V}. A number of optically active secondary alcohols can ^ 
racemised by heating with a sodium alkoxide. This has been 
explained by a reversible dehydrogenation (Hfickeh 1031) and there 
is some evidence to support this mechanism (Doering d el., 1047, 
1W9). 


, , rt h • 

OH a-i=0 R-i-OH 

H ' K' 

(+)• H- 


Another different type of compound which can be readily racemised 
is that represented by «-chloroethjdbenicne. When the (-f )- or 
(— )-fonn is dissolved in liquid tulphnr dioxide, spontanecfus racemi- 
sation occurs. This has be^ explained Try assuming ionisation into 
a carbottium ion (Polonyi d d., 1033). 

C^s-CHa-CH, C,H,-CH*CH, + CT,* C,H,*CHa*CH, 

(+)' (-)- 

The carbaniaro ion is planar (the positively charged carbon atom Is 
probably in a state of trigonal hybridiation) and consequently 
symmetrical ; recombination with the dilorine ion can occur 
equally well to form the (+)- and (— )-foTm», »>., racemisation 
occurs. The basis of this mechanism is aU^l in liquid 

sulphur dioxide exhibit an electrical conductivity, which has been 
taken as indicating iomsatlon. Hughes, Ingold d oL (1936), 
however, found that pure a-<hloroethylbenxene in pure liquid 
sulphur dioxide does not conduct, but when there is conduction, 
then styrene and hydrogen chloride are present. These anlhors 
showed that under the conditions of purity, the addition of bromine 
leads to a quantitative yield of styrene dibromlde. 

Polanyi showed that the rate of racemisation of onhloroethyi- 
bentene in liquid sulphur dioxide Is nrvflff f ct f d by added chloride 
loni. Hug he s and Ingold suggest that the rate of racemisation is 
accounted for by the rate of formation of hydrogen chloride ; thru : 
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C.Hj-CHaCHj C,H,*CH'CHj + Q' 

+ Oft 

C.H.-CH-CH, ► C,H,-CH = CH, + H+ 


It is the recombfamtlon of the styrene with the hydrogen chloride 
that prodaces the racemised product ; this may bo written os 
follows : 

C,H,-CHCI-CHa C,H,-CH = CH, + HQ C,H,*CHa*CH, 
(+)- (-)- 
The raccmisatlon of optically active hydrocarbons containing a 
tertiary hydrogen atom Is very interesting. It has been shown 
that such hydrocarbons undergo hydrogen exchange when dissolved 
in concentrated sulphuric add (Ingold a ah, 1030), and the mechan- 
ism is believed to occur via a carboniom ion (BurwcU rt al., 1048). 
R,CH 4- R,C+ + HSO4- + SO, + -HjO 

R,C+ + R,CH-> R,CH + R,C+. etc. 

This reaction is very useful for racemising optically active hydro- 
carbons, e.g., Burwdi ei aJ, (1948) mccinised optically active 
3-methylheptane in concentrated sulphuric add (the carbonhim ion 
is flat): 


CH, CH, 

C.H,— in— c,H, + c,H, —<!:+—< 
(+)- 




CH, CH, 

C,H,— i+— C,H, + c,h,-J;h— C,H, 
(±)- 


The racemisation of other types of optically active compounds is 
described later (see diphenyl compounds, §4, V ; nitro^ com- 
pounds, |2a, VT ; pbosphorus compounds, 53b. VI ; arsenic 
coinpoands, §40. VI). 


§9. Properties of the mcemlc modification. The racemic 
modification may exist in three different forms in the solid state. 

(i) Racemic mlxtnre. Thisis also known as a (±)-congIom- 
erate, and is a mechanical mixture of two types of crystals, the 
(4-)* and (— )-forms ; there are two phases present, 

(H) Racemic compound. This consists of a pair of enantio- 
morphs in combination as a molecular compound ; only one solid 
phase is present. The physical prop erti es of a racemid compotmd 
are different from those of the constituent enantiomorphs, but in 
solution racemic compounds dissociate into the (4-)- and (— }- 
forms. 
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(iii) RBcemlc solid solution* This is also known as a pseudo- 
racemic compound, and is a solid solution (one phase system) 
formed by a pair of cnontioraoiphs crystallising together due to 
their being Isomorphoos. 

§9a. Methods for determining the nature of a racemic 
modification. One simple method of ejuunination is to estimate 
the amounts of water of oystalllsation in the cnantiomorphs (only 
one need be examined) and in the racemic modification ; if these 
are difierent, then the racemic modification is a racemic compound 
Another simple method is to measure the densities of the enantio- 
morphs and the racemic modification ; again, if these are different, 
the racemic modification is a racemic co m pound ; e.g., the tartaric 
adds. 



D-TartAfic add < 

j 

L>Taitaric add 

Racemic 
Tartaric add 

Melting point ... 
Water at cryKteiUsatloa 
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1H«0 
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There are, however, two main methods for determining the 
nature of a racemic modlficatkm : a study of the freexing-polnt 
corves and a study of the solubility curves (Rooteboom, 1899; 
Andrlani, 1900). 

Freezing-point curvea. These arc obtained by measuring the 
rodting points of mixtures containing different onKnmt* of the 



looiw Ml iooXt-) 
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racemic m o difira tion and tta c o TTMpnndfa g pnaTiHnmnTphu, Various 
types of curvefl are possible according to the nature of the mcemic 
modification. In Fig. 18 (a) the melting points of all mixtures are 
higher than that of the raremic modification alone. In this case 
the racemic modification is a racemic mixture (a eutectic Tnlxt m'e is 
formed at the point of GO per cent, composition of each enantio- 
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morph), and so addition of either enantlomorph to a racemic 
mixture raises the melting point of the latter ; (±)-pinene is an 
example of this typo. In IRg. 18 (6) and (c) the mdting points 
of the mixtures ore lower than the melting point of the racemic 
modification which, therefore, is a racemic compound. The melting 
point of the racemic compound may be aboTC that of each cnantlo- 
morph {Fig. 18 b) or below (Fig. 18 c) ; in cither case the melting 
point is lomred when the racemic compoimd is mixed with an 
enantioiiKjrph ; an example of Fig. 18 (6) Is methyl tartrate, and 
one of Fig. 18 (c) is mandclic add. 

Wben the racemic modification Is a racemic solid solution, three 
types of curves are possible (Fig. 10). In Fig. 10 (a) the freciing- 
point curve is a horiiontal straight line, all possible compositions 
having the same melting point, e.g., (+)- and (— )- camphor. In 
Fig. 10 (4) the freezing-point curve abon-s a maximum, e.g., (+}- 
and (— )-carvoxirae ; and in Fig. 10 (c) the freedng-pomt curve shows 
a minimum, (-f-)- and (— )-tt<7penlyl (ijoamyl) carbamate. 



looxw \oo%H looXw iceXH lOOXW lOOXH 

(d) CW (0 

Fio. iia. 

In a number of cases there is a transition temperature at which 
one form of the racemic modification changes into another form, 
(±)-camphoroxin>e crystallises as the racemic solid solution 
above 103", whereas below this temperature it is the racemic com- 
pound that Is obtained [see also {10(i)J. 

Fredga (1944) has introduced the rtudy of quasi-racemlc com- 
pounds as a means of correlating configurations (§6). Quasi- 
racemic compounds are equimolecular compounds that are formed 
from two optically active compounds which have closely similar 
sirudures bui opposiia eonfigtsraiions, I and II. The formation 


a a 



I II 

of a qnari-racemk compound is detected by studying the melting- 
point curves of the two componeut*. The curves obtained are 



CO ORGANIC CSEinSTBT [CH. II 

similar to those of the racemic modification shown in Fig. 18 (a), 
18 (fc), and 19 («), but with the quasi-racemic compounds thoe 
curves arc unsymmctrical (since the m,pA of the components will 
be different). An unsyinmetrical curve 18 (a) indicates a eutectic 
mixture, an unsymmeWcal 19 (a) a solid solution, and an tmsym- 
metrical 18 (6) a quasi-raceinic compound. Curves for qaasi-mcemk 
compounds are given only by corupoimds (containbg one asym- 
metric carbon atom) which have closely similar struct u re s bet 
opposite configurations. On the other hand, curves of the other two 
types are given by compounds of like configuration (but some cases 
are kndwn -^^lere the configurations have been opposite). Varkms 
examples of this method of correlating configurations have now 
been described, e,g., (-b)-maUc add and (+)-inethylsuccinlc add 
have the same configuration since these two compounds form a 
quari^cemic compound (see also §§10(vi) and 23e, VllI). 

Solubility curves. The interpretation of solubility carves is 
difficult, but in practice the foUowing simple scheme based on 
sohihility may be used. A gmall amount of one of the enantio- 
morphs is added to a talurated solution of the racemic modification, 
and the resulting sototion is then examined in a polarimcter. If 
the solution exhibits a rotation, then the racemic modification is a 
co mp ound, but if the solution has a lero rotation, then the racemic 
modification a a mixture or a solid sohitiou. The reasons for this 
behaviour are as follows. If the racemic modification is a mixture 
or a solid solution, then the solution (in some solvent) Is saturated 
with respect to each enantiomorph and consequently cannot dissolve 
any of the added enantiomorph. If, however, the racemic modifi- 
cation is a compound, then the solution (in a solvent) is saturated 
with respect to the compound form but not with respect to either 
enan tiomorph ; hence the latter will dissolve when added and 
thereby produce a rotation. It rfiould be noted ftiat this simple 
method does not permit a differentiation to bo made between a 
race m ic mixture and a racemic solid solution. 

§10, Resolution of racemic modificatloas. Resolution is the 
process whereby a racemic modification Is separated into its two 
enantiomorphs. In practice the separation may be far from quan- 
titative, and in some cases only one form may be obtained. A 
large variety of methods for resohitian have now been developed, 
and the method used in a particular depends largely on the 
ch em i ca l n atu r e of the compound under consideration. 

fi) Mechanical separation. This method is also known as 
Bpontaneone resolution, and was introduced by Pasteur (18i8). 
It depends on the oystallisation of the two forms separately. 
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which arc then separated by hand The method is applicable 
only to a few cases, and then only for racemic mixittra where 
the cryxial forms of the enantlomorphs are themselves cnantlo- 
morphous (§2). Paatciir separated salium ommonlam racemate 
in this way. The transition temperatnro of sodium ammonium 
racemate is 23* ; above this temperature the racemic compound 
crystallises out, and below this temperaturo the racemic mbeturo. 
Now Pasteur crystallised his sodhiro ammonium racemate from a 
concentrated solution at room temperature, which must have been 
below 28*’ since had the temperaturo been above this ho would havo 
obtained the racemic compound, which cannot bo separated mechani- 
cally. Actually, Stoedel (1878) failed to repeat Pasteur's separa- 
tion since he worked at a temperaturo above 28*. 

(11) Preferential crystallisation by Inoculation. A super- 
saturated solution of the racemic modificatJem la treated with a 
crystal of one enantiomorph (or an Isomorphous substance), where- 
upon this form is pr e ci pitated. 

(lii) Biochemical separation (Pasteur, 18C8). Certain bac- 
teria and moulds, when they grow in a dilute solution of a racemic 
roodifieation, destroy one enantiomorph more rapidly than tiie 
other, e.g., PanidUium glaucum (a mould), when grown in a 
solution of ammonium racemate, attacks the i>-form and leaves 
the L-. 

This biochemical method of sq^aration has some disadvantages : 

(a) DQute Boloticms must be and so the amounts obtained 
will be small. 

{b) One form is always destroyed and the other form is not always 
obtained in 60 per cent, yield since some of this may also be 
destroyed- 

(c) It is necessary to find a mlcroHjrganiam which will attack 
only one of the cnantiomorphs. 

(iv) Conversion into dlastereolsomers (Pasteur, 1868). This 
method, which is the best of all the methods of resolution, consists 
In converting the cnantiomorphs of a racemic modification into 
diastercoisomers (jTb) ; the racemic modification is treated with 
an optically active substance and the diastereolsomcri thereby 
produced are separated by fractional crystallisation- Thus racemic 
adds may be separated by optically active bases, and viu vena, 

These two dia stereo iso mere may then be separated by fractional 



ORGANIC CHEMISTRY 


03. 


[cH- n 


crystallisation and the adds (enantiomorphs) regenerated by hydro- 
lysis with inorganic adds or with alkalis. In practice it is niially 
easy to obtain the less-soluble isomer in a pure state, but it may be 
very dif&cult to obtain the more-soluble isomer. In a numb« of 
enw this second (more-soluble) isomer may be obtained by prepar- 
ing it in the form of another disastcreoisomer which is lea sokiblo 
than that of its enantiomorph. 

Resolution by means of diastercoisomer formation may be used 
for a variety of compounds, 

(a) Acids. The optically active bases used are mainly alkaloids : 
brudne, quinine, strychnine, cinchonine, cmchonidine and morphiDe. 
Recently, optically active benzimin azoles (§3a. XII) have been 
nsed (HudsOT d ed,, 1939). 

(b) Bases. Many optically active adds have been used, 5,g., 
tartaric add, camphor-^-gulphonic add, and particularly a-brotno- 
camphor-jr-sulphonic add {see §23a. VIII). 

(c) Alcohols. These are converted into the add ester derivative 
using either succinic or phthalic anhydride (Pickard and Kenyon, 
1912). The add ester, consistmg of cqnimolecular amounts of the 



(+)- and (— )-fonn5, may now be resolved as for adds. Racemic 
alcohols may also be resolved by diastcreoisomer formation with 
optically active acyl chlorides (to form esters) or with optically 
active isocyanates (to form urethans) : 

ROCH,<X)a + R'OH RO-CH,<X)^' + HQ 
R-NCO + R'OH R-NH-CO^' 

In these equations R is the { — )-menthyl radical (516, VIII) I 
recently N-( — )'raenthyl-^K5ulpban^Ibcnzpyl chloride, I, has bem 
used (Mills ei d., 1950). 

q^-NH'E(V-^^^CO01 

I 

(i) Aldehydes and Ketones. TlMse have been resolved by means 
of optically active hydrazines, ( — )-rQenthyIhydrazine. Sugars 

have been resolved with (-b)-t*opCTtfmethiol {tf. JL VII). Nordd 
si aJ. (1962) have resolved oxo csjmpannds with p-tartramide add 
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hydraiide, NH,'CCHIHOH*CHOH*CC)*NH*NHj ; this forms dia- 
stereoisomcrk tartramazones. 

[t) Amino-compounds. These tnay be resolved by conversion 
into diastereotsomeric anils by means of optically actiw aldehydes. 
g- Amfn n-ndHs have been resolved by preparing the acyl derivative 
with an optically active acyl chloride, e.g., (— )-menthoiyacetyl 
chloride {cf. alcohols). Another metlnxi of resolving DL-amino- 
acids is asymmetric enzymic synthesis (§7. IH). The racemic 
amin o- nod is converted into the acyl derivative which is then 
allowed to react with aniline in the presence of the enzyme papain 
at the proper (Albertson, 1051). Under these conditions only 
the L-amino-add derivative reacts to form an insoluble nTifUrlpi ; 
the D-add docs not react but remains in the solution. 

NH-OOR; ^ NH-OOR' ra-CORr 

R-iH-CO,H+ O.H.-NH, ""R-OH-CO-NH-CtH, + E-OHCO,H 

DL-add L-add 0-add 

Amino-adds have also been resolved by other means (see |4. XIII). 

Asymmetric traasformatloa. Resolution of racemic modi* 
hcations by means of salt formation (the diastereoisomers are salts ; 

acids and hoses) may be complicated by the phenomenon oi 
asymmetric transfcrmaiion. This phenomenon is exhibited by com- 
poxmds that are optically unstable, i.e., the enantiomorphs are 
readily interconvertible : 

(+)-C (-)-C 

There are two types of asymmetric transformation, first order and 
second order. These were originally defined by Kuhn (1032), but 
were later re-defined by Jamison and Turner (1042). 

Suppose we have an optically stable (-|-)-ba3e (one equivalent) 
dissolved in some solvent, and this is then treated \?ith one equiva- 
lent of an optically unstable (±)-add- At the moment of mixing, 
the solution will contain equal amounts of [(-|-)-Base-(-l-)-Add] and 
[(-f )-Ba5e‘(— )-Add] ; but since the add is optically unstable, the 
tan diastereoisomers will be present in unequal amounts when 
cquilibrinTn is attained. 

[(+)-Base-(-|-)-Add] [(+)-Base-(-)-Add] 

According to Jamison and Turner, first-order asymmetric trans- 
formation is the establishment of equilibrium in solution between 
the two diastereoisomers which must have a real existence. In 
second-order asymmetric transformation it is necessary that one 
*Ut should crystallise from solution ; the two diastereoisomers 
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( 4 *)-mfliidclflte than (— )-menthyl (— )-Dmndelate. Consequently 
there will be more {--)-maiidellc add th^ (-f )-mfmdeHc add in the 
unchanged add, i.e., a partial resolution of (i)-raandellc add hai 
been effected (see also §6b. VI). 

(viii) Ferreira (1053) has partially resolved (±)-narcotine and 
(i)-landanosine (l-2‘5 per cent resolution) veiihoul the use of 
optically active reagents. He dissolved the racemic alkaloid in 
hydrochloric add and then tlorriy added pyridine ; the alkaloid 
was precipitated, and it was found to be optically active. The 
explanation offered for this partial resolution is as follows (Ferreira). 
When a crystalline racemic substance is predpitated from solution, 
a crystallisation nudeus is first developed. Since this nudeos con- 
tains a relatively small number of raolecnles, there is more than an 
even chance that it will contain an excess of one enantiomorpb or 
other. If it be assumed that the forces acting on the growth of 
crystals are the same kind as those responsible for adsorption 
\cj, (vi)], the nudeus will grow preferentially, collecting one 
cnantioroorph rather than the other. Crystallisation, when carried 
out in the usual manner, results In the fonnotion of crystals con- 
taining more or less equivalent numbers of both enantiomorphs. 

Channel complex formation has also been used to resolve raceede 
modifications (see VoL I), This also offers a means of carrying 
out a resolution \vithout asymmetric reagents, e^., Schlenk (1952) 
added (±)-2<hloTO-octane to a solution of urea and obtain^ on 
fractional crystallisation, the two urea induslon complexes 
urea/(-f-)-2-chloro-octane and urea/(— )-2-chlon>-octane. 

Bal^ d aj. (1052) have prepared tri-o-thymotide, and found that 
it formed clathiates with ethanol, n-hexane, etc. Powell rf ah (1962) 
have shown that tri-o-thymotlde 
crystnllisea as a racemate, but that 
resolution takes place when if 
forms clathrates with «-hexane, 
beniene or chloroform. By means 
of seeding and slow growth of a 
single crystal, it is possible to 
obtain the (-}-)- or {— )-fonn de- 
pending on the nature of the seed, 
Forthemto r e, crystallisation of tri-<>- 
trinJ-thymotide thyraotide (dl) from a solvent which 

is Itself a racemic modification 
{d’l') and which forms a dathrate, produces r i - yw fnla of the types 
dd' and U'. Thus such (solvent) racemic modifications can bo re- 
solved, e^,, *«.-butyl bromide has been resolved in this way. 
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511 . The cause of optical activity. Two important points 
that arise from the p ro p erty of optical activity are : \Vhat types 
of structure give rise to optical activity, and why ? Fresnel (1822) 
suggested the following explanation for optical activity in aysiaUine 
substances such as quartz, basing it on the principle that any simple 
harmonic motion along a straight line may be considered as the 
resultant of two opporite drcnlar motions, Freanel assumed that 
plane-polarised light, on entering a substance in a direction parallel 
to its optic axis, is resolved into two beams of drcularly polarised 
light, one right-handed (dextro-) and the other left-handed (bevo-), 
and both having the same frequenqr. If these two component 
beams travel through the medhun with the same velocity, then the 
issuing resultant beam suffers no rotation of its plane of polarisation 
(Fig. 20 a). If the velocity of the bevocircularly polarised com- 
ponent is, for some reason, retarded, then the res^tant beam is 
rotated through some angle to the right (in the direction of the 
faster circular component ; Fig. 20 b). Similarly, the resultant 
beam is rotated to the left if the dextrocdrcnlarly polarised com- 
ponent is retarded (Fig. 20 c). Fresnel tested this theory by passing 



a beam of plane-polarised light through a series of prisms com- 
posed alternately of dextro- and Iievorotatory quartz (Fig. 21). 
Two separate beams emerged, each circularly polarised in opposite 
senses ; this is an agre em ent with Fresnel's explanation. Fresnel 
suggested that when plane-polarised light passed through an 
optically active crystalline substance, the plane of polarisation was 
rotated because of the retardation of one of the circular com- 
ponents, Stated in another way, Fresnel's theory requires that the 
refractive indices for dextro- and Isevodrcularly polarised light 
should be different for optically active substances. It has been 
shown mathematically that onty a very small difference between 
these refractive indices gives rise to fairly large roatations, and that 
if the refractive index for the hevodrcularly polarised light is greater 
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th oR that for the dextro component, the substance will be dextro- 
rotatory. The difficulty of Tresnel’s theory is that it docs not 
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explain the two circular components should travel \vith different 
velocities. It is Interesting to note, however, that Fresnel (1824) 
suggested that the optical activity of quartx is doe to the structure 
being built-up in right- and left-handed spirals [cf. §2). 

Now let us consider the problem of optical actl^ty of substances 
in idnUon. In this case the optical activity is due to the moUcuUi 
themselves, and not to crystalline stmcture (sec also 52). Any 
crystal which has a plane of symmetry but net a emirs of ^rmmriry 
(56) rotates the plane of polarisation, the rotation varying with the 
direction in which the li^t travels through the crys^ No rota- 
tion occurs if the direction of the light Is perpend imlar or pamllal 
to the plane of symmetry. If we assume that molecales in a 
fiolutlou (or in a pure liquid) behave as Individual crystals, then any 
molecule having a plane hut not a centre of syminetry wCl also 
rotate the plane of polarisation, provided that the U^t travels 
through the molecule in any direction other than perpendicalar 
(or parallel) to the plane of symmetry. Let ns consider the mole- 
cule (Fig. 22). This has a plane of symmetry, and fio molecule 
I and its mirror linage n are snpcrimposable. Now let us suppose 
that the direction of plane-polarised li^t passing through mole- 
cule I makes an angle 0* with the plane of symmetry, and that 
the resultant rotation Is -fa®. Then if the direction of the light 
through molecule II also makes an angle 0® with the plane of 
symmetry, the resultant rotation will bo —a”. Thus the total 
rotation produced by molecules I and II Is uro. In a solution of 
compound Caffd, there will be an infiniia number of molscvlss in 
random orimtaHon. Statistically one expect to find that what- 
ever the angle 0 Is for molecule I, there will always be molecule n 
also being traversed by Hght entering at angle 0. Tims, although 
each Indlvldnal molecule rotates the plane of polarisation by 
an amoont depending on the value of 0, the statistical sum 
of the contributions of the Icdlvldaal molecules will be xero. 

When a m o l e c ule is not superimposable on its mirror image. 
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then if only one cnantiomorph la present in the solution, the rota- 
tion produced by each individual molecule will (presumably) 
depend on the on^e of incidence (with respect to any face), but 
thOT will be no compensating molecules (».«., mirror image mole- 
cules) present. Hence, in this case, there will be a net rotation 
that is not rero, the artual value being the statistical snm of the 
individual contributions (which are all in the tame direction). 
Thus, If we consider the behaviour of a compound In a solution 
(or as a pure liquid) ai a tthoU, then the ol»erved experimental 
results axe ahra}^ in accord with the statement that 11 the mole- 
cular stmetun of the componiid U asymmetric, that com- 
pound will be optically active Q2). Any com p ound composed 
of molecules possessing a plane but not a centre of symmetry is, 
considered ax a vhtjls, optically inactive, the net rero rotatbn being 
the resnlt of " external compensation " {cj. JTa). This point is of 
great interest in counectioix with flexible molttmles (§4). Let us 
consider m«otartaric add, a compound that is optically inactive 
by internal compensation (fTb). X-ray stndles (Stem d al., 1050) 
have shown that the tram position of the molecule is the favoined 
one (Fig. 23 a). This has a centre of symmetry, and so molecules 
in this configuration are individuaUy optically inactive. On the 



Fio. 2.25. 



•70 ORGANIC CHEUISTOY [Cfl. H 

other hand, wwotartaric add is usually represented by the plane- 
diagram formula in Fig. 23 (6). This corresponds to the m con- 
figuration, and has a plane of symmetry. In this configuration 
the indi^uai molecules arc optically active except when the 
direction of the light is perpcndioilar (or parallel) to the plane of 
symmetry ; the net rotation is icro by " external compensation ". 
It is pos^le, however, for the molecule to assume, at least 
theoretically, many configurations which have no elements of 
symmetry, e.g., Fig, 23 (c). All molecules in this configuration will 
contribute in the tarn* direction to the net rotation. If the total 
number of molecules present were in this configuration, then meso- 
tartaric add would have some definite rotation. On the theory of 
probability, bo\7ever, for every molecule taking up the configuration 
in Fig. 23 (c), there will also be pr es ent its mirror image molecule, 
thereby ghdng a net uro rotation due to " external compensation 
As we have seen, mesotartaric add is optically inactive (as shown 
e^jerimentally), and by common usage the inactivity is said to be 
due to internal compemaiion (S7b). 
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WALDEN INVERSION 


51 . Nature of the Walden Inyerslon (Optical inversion]. 
By means of a series of replacement reactions, Walden (1893) was 
able to transform an optically active compound into its enantio- 
moTjiu In some cases the product is 100 per cent optically active, 
i.tf,, the trtvmion is quantitative ; in other cases the product is a 
mixture of the {+)- and (— )-fonns, but in unequal amounts, tj., a 
partial inversion has taken place. 

The phenomenon was first discovered by Walden during an 
investigation of the properties of (— )-QSpartic add. The following 
chart shows the reactions carried out by Walden. 


NH^OHCOiH— 

OH,-CO,H 
(-)-aspartlc add 


The change: 
(_].inalic 
add 
I 


lOQ 0301*00111 

*'(!ih,co.h 

(-) -<3111010500^0 
add 



OHOH*CO,H pa, 


0H,'00,H ^ 

(-)-iaallc add 

( + ) -chlorosncdnlc 
add 
II 


CH0H*C0,H 

diH.-COiH 
( 4 -}-niBlIo add 

I'AtOH" 

OHOl’COjH 
: I 

0H|*C0,H 

(+}H 3 h]oro«ueddo 

add 


'AiOH- (+)-inalic 
^ add 
lU 


constitutes a Walden i n v ersi on, which may be defined as the 
conversion of the (-f-)-foiTn into the (— )-foTm, or vie* vtna, without 
recourse to resolution. In one, and only one, of the two reactions 
there most be an interchange of position between the two groups, 
#.g., if the configuration of I corresponds with that of II, the inver- 
sion of configuration must have between H and HI. 
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The " definition ” of the Walden inversion given above is the one 
that was used by Fischer (1906). The tendency nowadays is to 
apply the term "Walden inversion to any single reaction in which 
inversion of configuration takes place. 

As already pointed out, in the conversion of ( — )-nialic add into 
(-f-)-inalic add via (+)-chlorosaccniic add, inversion occurs in only 
one of the two reactions ; if inverdon occurred in both, then the 
original {— )-malic add will bo produced. As the experiment 
stands, there is no way of telling whidi stage is accomp^ed by 
inversion ; chanjle In al^ of rotation does not necessarily 
mean that inversion of configoratlon has occurred. A simple 
example that illustrates this point is the oxidation of D(4-)^lycer- 
alddiyde to d(— )-glyccrk add. The sign o! rotation changed, 
OHO COjH 


H- 


OH 


tcQ 


H 


'OH 


OH, OH CH,OH 

D(+)-glyoenJdehyde D(-)*glyeejric add 

but the asymmetric carbon atom is not affected by the reaction, 
ix., both compounds have the tame rdaUve cenfigunUions. Thus 
it is necessary to have a classification of relative configurations. 
The scheme in practice is to use D{+)-glyceraldehyde as arbitrary 
standard, and to build up from the x>> and L-series of com- 
poimds (see §6. IT). In some cases it Is fairly easy to determine 
relative configurations, e.g., D(+)-glyceraldehydc and d(— )-glyceric 
add- Another example is L(+)-lactic add, the relative confignra- 
tkin of which is shown in the following series of reactions (Freuden- 
berg, 1014). 

OHO 00,H CO,H 



[ol 


no 




UNO, 


HO- 


H 


OH, on OH, on 

L(“)*gIjTOnUdch3rdo L(+)*gIyccric acid 


L(->-tKJ*orine 


co,u 
no — j — H 
CH, 

L(+)-lectIc add 


CO,H 


OH, Dr 
L(+)-p-broinolactIc 
add 
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In all of these reactions, the asymmetric carbon atom is not affected, 
and consequently no inversion can occur. When, however, the 
asymmetric carbon atom is involved in the various reactions, the 
pr^lem of ascertaining relative configurations becomes more diffi- 
cult owing to the possibihty of the Walden inversion occurring 
at one or more stages, Kenyon and Phillips (1926) established a 
basis for the determination of relative configurations by the follow- 
ing chemical methods. These authors carried out a series of 
reactions on optically active hydroxy compoimds. Now it has been 
established that in esterification of an alcohol by a monocarboxylic 
add under ordinary conditions, the oxygen at^ of the alcohoHc 
group is retained in the ester (see VoL I, Ch, DC) : 


R-OC ^H + ►R'COOR + H,0 


Kenyon and Phillips assumed that in all reactions of this type, 
the R — 0 bond of the alcohol remained intact and consequently no 
inversion of the alcohol configuration is possible. Ixt us now con- 
rider the following chart whldi shows a series of reactions ca. rri ed 
out by Kenyon end Phillips on ethyl (+)-lactate ; a conventional 
way of indicating inversion at a particular sta^ is to use the 
symbol — g— ►, 


^ch.<.r. so.o . OH,. xCO,O.H, 


^OH 

W- 

IV 

h^^obo,-c^h,-oh, 

W- 

V 

1 

CCS|-CO>fO 

cjcHi-cdlK* 

^O-OO-CH, 

(-)- 

VI 

OH,. ^CO,0,H, 

E'^ ^O-OO OH, 

w- 

vn 


Ester VI has the configuration as the parent substance IV, 
although the sign of rotation has changed ; similariy, ester V has 
the same configuration as IV. Reaction of V (the ^toluene- 
sulphonate) with potassium acetate produces ester VEI, which is 
the enantiomorph of VI. Therefore inversion must have occurred 
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at this stage {on the assumption that V and VI are produced without 
hi\*crsion ior the reasons given above). It is important to note 
that If inversion is going to take place at all, the compidc group 
attached to an asymmetec carbon atom must bo removed- The 
con\xrse, ho\ve\’er, is not necessarily true, i^., removal of a complete 
group from an asymmetric carbon atom does not invariably result 
in inversion (see §4). 

The above series of reactions has been used as a standard, and 
all closely analogous reactions are assumed to behave in a similar 
way, ix., m\*crsion and retention of configuration occur at the same 
stages as those in the standard reaction ; e g., the action of lithium 
chloride cm the />-tolucnesulphonatc is assumed to be analogous to 
that of potassium acetate, and so the chloride produced has an 
inverted configuration. 


CIIfs^^xCOiCjH, ua CIIfs^^COjOtH, 

so,-c,n4-cH, 

By similar procedures, Ken>*on a aJ. (1029, 1030) sho\TCd that 
( 4 -)-octan- 2 -ol and (+)-2-chloro, -2*bromo- and ••2>iodcH)ctane 
have the same rc]ati\*e configurations ; and also that (+)-x-h>*droxy- 
cthylbcnxcnc. C|H,*CHOH*CH>, (+)-a*chloro- and ec-bromocthyl- 
benzene ha\‘e the same relative configurations. 

|2. Factors ofTectlng the Walden Inversion. As a rcsiUt of 
a large amount of w'ork on the Walden inversion, it has been found 
that at least three factors play a part in dedding whether inversion 
or retention of configuration will occur. 

(i) Nature of the reagent. The rcpbccmcnt of halogen by h)’droxyl 
is usually accompanied by inversion when the rea gen t used is 
sodium or potassium h}*droxide. On the other band, when silver 
hj*droxidc (moist 8il\‘cr oxide) is used, there is usually retention of 
configuration. Replacement of hj^droxyl by chlorine is usually 
accompanied by ins‘crsion when the reagents used arc phosphorus 
tri- and pcntadiloridc, hj-drogen chloride, and thlonyl chloride. 

(ii) Nature of the solvent. A number of eases are known where 
the nature of the solvent affects the stcric course of the reaction, 
e.g., the con%-crsion of L-(a*broino)phcnylacclic add into (a-amlno)- 
phcnylaoctic add by means of ammonb (Senter ei at., 1015). 

Nil, _ 

-2—- — ^ D-c.ii.-cii(xnj-co,ii 
L-C.II,-CIinrCO,II — d C,H,-CII(N-H0-CO,H 

l-C,H,-CH(NH0*CO,U 
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(iii) Nalitrt of ihe compound. Modification of a group in an asym- 
metric compound may change the steric course of reaction with a 
given reagent, e.g., the action of nitrosyl bromide on aspartic add 
and its corresponding ethyl ester (Frankland, 1912). 


(!;h,-co.h 

L-aspartic acid 


CHBr«CO,H 

1;h,-co,h 

L“bromosucdnic add 


NH,*CH*CO,C,H» ROB, 
(!;h,-co,c,h, 

L-aspartic ester 


CHBr<^0,CtH, 


1:h, 


i*COiCjHg 

D-bromosucdnlc ester 


§3. Mechnnlsm of roactiona. A fundamental type of reaction 
in organic chemistry is the substitution reaction^ and Is the 
direct replacement of hydrogen by some other atom or group. 
Another fundamental tj^ of reaction is the replacement {or 
displacement) reaction ; this is the replacement of a svbsiiiwni 
atom or group by some other atom or group. In both types of 
reaction there is no change in eirudure, but as we have seen, a 
Walden inversion may occur, resulting in a change of the spaiial 
arrangement of the molecule. 

Let us consider the reaction 


A + BC-^AB + C 

where BC and AB are both covalent molecules, and A is an atom 
or a group. It can be seen that In thk reaction bond B — C has 
been broken and the new bond A — B has been formed. There are 
three ways in which the bond B — C may be broken, and the actual 
way depends on the nature of A, B and C, and the experimental 
conditions (see also VoL I, Ch. II). 

(i) Homolytlc fission (homolysla) : 

B— C— >.B* + O 

(H) Heterolytlc fission (heterolysls) t 

(•) £U:— >-B-+c+ 

In this case A is said to be an eUctrophQic or cationoid reagent, and 
this type of reaction is described as an S* reaction. 

(6) bIJ-*. 


B+ +C- 
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In this A is said to be a nudeophilic or amonoid reagent, and 
the reaction Is described as an Sif reaction. 

Nucleophilic substitution reactions, as heterolytic reactions in 
solution, can normally take place by two different reaction 
mechanisms i 

(i) A owsiage procas, in which two molecules simultaneously 
undergo covalency change. Such a mechanism is called bimoUadar, 
and is labelled Sj(2. 

(ii) A bpo-stagfi procas, in which the first step is slow hetcrolysis 
of the compound to form a carboninm ion, and this is then followed 
by the second step of rapid combinaticm of the carboninm ion with 
the substituting reagent. The mte-detennining step in this reaction 
is the first, and since in this step only om molecule is undergoing 
covalency change, the mechanism is called unimolecular, and is 
labelled Sjl. 

These symbols S^jl, etc, were Introdnccd by Ingold (1928), the 
number in the symbol referring to the moUculariiy of the reaction 
and not to the kinetic order. Any composite multi-stage) 
reaction may be designated by the molecularity of its rate-deter- 
mining stage, the molecularity of the rate-detennining stage being 
defined as the number of molecuia necessarily undergoing cov'alency 
change (Ingold, 1933). 

The o^er of a reaction is given by the sum of the exponents of the 
concentrations of the reacting substances. Thus the order of a 
reaction is determined by the mathematical equation used to 
calculate the velocity of that reaction. In a bhnolecnlar reaction, 
if both reacting sutetances are present in small and controllable 
concentration, the blraolecnlar mechanism will lead to second-order 
kinetics. If, however, erne of the reactants is in exmstant excess, 
this will lead to first-order kinetics. Unimolecular reactions can 
also lead to first- and second-order kinetics. 

Homogeneous gas reactions were the first to be studied, since 
their treatment from a theoretical point of view is much simpler 
than that of reactions in the liq^d phase. Furthermore, the 
theoretical treatment has been pursued along two different lines, 
one based on the collision theory, and the other on the transition 
tlaie theory. Both approaches, however, have much in common, 
and lead finally to similar results. 


§3a. Collision theory of reaction®. Arrhenius (1889) proposed 
the following equation to show how the \'elocity of a chemical 
reaction N’aried with the temperature : 

B 


k . As"ftT 
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where h is the Bpedflc reaction rate, A is the frtqutncy Jador, and E 
the oj ^ivaiicn and represents the minimimi amount of 

energy that molecules must acquire before they can react on 
collision. 

The most direct method of calculating the velocity of a bi- 
moleculax reaction in the gas phase is to calculate the number of 
collisions, Z, which the reactant molecules {contained in a unit 
volrane) will make per second. The value of Z was found to be 
far too great, i.e., the actual rate was alower than the theoretical 
value based on reaction occu r r in g on each collision. Thus all 
collisians are not effective. As we have seen, only those molecnles 
with the necessary energy of activation will react ; thus we may 
write the Arrhenius equation as : 

It was found that the specific reaction rates of many bfanolecular 
reactions in the gas phase agreed with this equation within a factor 
of 10. On the other band, many bimolecnlar gas reactions did not 
agree with this equation, the reaction being much slower than 
expected. Thus a factor P was introduced: 

A = PZtf"^ 

P is known as the probability or steric factor, and Its value Is a 
measure of the deviation of the actual reaction from that calculated 
on the collision theory. The values of P are often between 10^ 
to 10“*, but much lower values have also been observed. 

A simple example of the ateric factor is that in the reaction 
2HI H, -1- 1, 

If hydrogen iodide decomposes on collision, then molecules possess- 
ing the requisite amount of energy of a ctiv ation can coUido in one 
of two ways, the " right ” way leading to decomposition, and the 
“ wrong ” way leading to merely a ** change in partners 

«R%hf way ^ @@ 

dXD 
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Now let os consider reactions in solatkm. It has been foond 
that, in general, the rate of reaction for bimolecnlar reactions in 
which the reactants and products are of low polarity is of the same 
order in the gas phase and in sohition. Furthermore, the rate 
for reactions in solution is not very mnch affected by the nature 
of the solvent If, however, the reactant molecules are polar, 
then the reaction rate in solution is different from that in the gas 
phase. In solution, the forces between the reactant molecules 
will be altered according to the nature of the solvent particularly 
its dielectric constant The values of E, P and Z are influenced 
by the solvent, and the effects axe greatest for reactions involving 
molecules with a permanent dipole moment, or ions produced 
from the reacting molecules by the solvent In general, reactions 
in which the products are more polar than the reactants are favoured 
by polar solvents, whereas reactions in which the products are less 
pol^ than the reactants are favoured by non-polar solvents. If 
the reactant molecules are solvated, the reaction rate is decreased 
because of the increase in E. 

It should be noted that the rates of most reacdons which can 
take place in solution but not in the gas phase are very much 
affected by the nature of the solvent (see also |5). 

§3b. Transition state theory of reactions. London (1928, 
1029) suggested a means of calculating energies of activation by 
methods of quantum mechanics. By making certain approxima- 
tions, London developed an equation giving the variation with 
interatomic distances of the potential energy, E, of a system of 
three atoms. The egoation is of the tjqw E «=■ ff dr, mid on Kolvin g 
for various distances r, a poUniiol entr^ smfoi* can bo obtained 
which gives the variation of the potential energy for all possible 
interatomic distances. Thus the reaction between the three atoms 
A, B and C, e.g., 

A + BC-^AB + C 

must follow a path on the potential energy surface. According to 
London, the b^ approach of A to BC, i.e., the path requiring the 
minimum energy, is for A to approach along the bonding line of BC 
and on the side remote from C, t.#., a fMrec-csnlre rMcOon has an 
md-m approach. 

A-.-k-.-B— C->A— B + C 

Fiirthermore, BC repels A, and this repulsion prevents the dose 
approach of A and so tends to prevent BC from reacting with A. 
In this three-centre reaction, the value of E depends on four factors : 
(0 the strength of the B — -C bond ; (U) the repulsion between A 
and BC ; (Hi) the repulskm between AB and C ; (iv) the strength 
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of the A — bond. It therefore follows that charges on A and C, 
if any, aitd the dipoles of BC and AB, If any, will aH affect the 
value of E, and consequently the approach of A to BC It is im- 
portant to note that in a three-centre end-on reaction, the con- 
figuration of B in the product is inverted* 

When we consider the mechanism of activation of this three- 
centre reaction, wo can imagine that there are two extreme casts 
possible : (i) A is forced up against the rcpulskm of BC until it b 
dose enough to compete with B on equal terms with C, whkh b 
finally expelled ; (U) BC acquires so much eneigy that the bond 
B — C is broken, and then A and B combine without any oppositiou. 

Polanyi ei al. {1931, 1935. 1938) amplified London’s ideas into the 
tranxiiion tiaU theory. These authors showed by mathematical 
treatment that it is usually more economical, ia., a lower value of 
E b necessary, for the reaction to proceed by a co m promise between 
the two extremes mentioned above, A approaches BC along the 
bonding line of BC remote from C, and is forced against the repul- 
sion of BC, and at the same time bond BC stretches until A and C 
can compete on equal terms for B. Thus a point is reached when 
the distances AB and BC are such that the forces between each pair 
are the same. Tbb condition is the trffrmiian tiaU {tuHvaial cooh 
\ m this state neither molecule AB nor BC exbts indepen- 
dentiy. The system can now proceed in cither direction to tem 
A and BC, or AB and C Thus the reaction 
A -f- BC — >■ AB -f* C 
may be imagined to proceed as follows : 

C ^*_-C A— 

P.E. increases as activated complex p decreases as 
A approaches B P.E, is at a maximum C leaves B 
This sequence of events may be represented graphically (Fig. 1). 

I A—6-’C 

t 

P.E. 


RMCtfon co-ofrfln>t* (r) 
Fro. 3.1. 
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vrhere E is the energy of activation and AH is the heat of reaction 
at constant prcssura 

Four atom systems. Four-ctntie reactions, ».c., reactions of 
the type 

AB + CD -► AC -f BD 

have not been studied so extensively as the three-centre type. 
Eyring has suggested, from theoretical considerations, that the 
approach, the one which requires the minimum amount 
of energy, is a side-approach {hroadsid* collision). AB and CD are 
in the same plane, with A near to C and B near to D ; all four are 
involved in the transition state. 

A C A C A C 

1 + I I I “*■ + 

B D B D B D 

transition 
state (planar) 

In reactions of this type, no inversion of C or D occurs. On the 
other hand, it may be possible for a four-centre reaction to proceed 
by on alternative path, e.g., one molecule ionises first and then an 
ion reacts with the other molecule ; in this case, the reaction is 
efiectivdy a three<entre reaction, and so will lead to inversion. 

In the transition state theory, it is assumed that the reaction 
rate Is given by the rate at vddeh the reacting molecules pn** 
through the transition state. In this theory, the energy of activa- 
tion is defined os the minimum amount of energy the reactant 
molecules must acquire in order to form an acthut^ complex. If 
only the reactants are solvated (in solution), then the energy of 
activation is increased, and consequently the reaction rate is de- 
creased. If only the acti\*ated complex is solvated, then E is 
decreased, and consequently the reaction rate is increased. If 
both the reactants and the activated complex arc solvated, then 
there is often \*eT>’ little change in E, and consequently the influence 
of the solvent on the reaction rate is very small. In general, polar 
sohtnts favour reactions in which the activ’ated complex is more 
polar than the reactants (see also §5). 

H* Mechanism of the Walden Inversion. We have, so far, 
considered the general theories of reaction mechanisms. We shall 
now apply these theories to the problem of the Walden inversion. 
Hany theories have been sugg^ed for the mechanism of the 
Walden In\*ersk)n, but we shall discuss only those which are now 
generally accepted. The common feature of these theories is the 
intermediate formation of the transition state. If the replacing 
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grtrap attacks from the position furthest from the group being re- 
pined, then inversion will result. If the attack occurs on the 
tame side, theri no inversion will result. The essential problern, 
then, is to consider the forces which determine the direction of 
attack. Let us consider the reaction 


RX + Oir -► ROH + X“ 

If the attack occurs on the side remote from X, then mvenion 
will result ; if on the same side as X, then no inversion results. 
Thus : 

Inversion: HO“ + R — X— vHO — -R — -X— vHO — R + X“ 

.X 

Retention : R — X + OH" — ► R/ R— OH + X" 

*'OH 

In these reactions, R is an asymmetric radical in which the asym- 
metric carbon atom is joined to X (c/. §1). Polanyi et al. (1932) 
suggested that the polar bond C — X causes the negative ion (sodi 
as OH") to approach the molecule RX from the side remote from 
X (Fig. 2). 

R 

+ O' 

R' 

R* 




On the other hand, Hughes and Ingold (1937) have suggested 
from quantum mechanical arguments that, independently of the 
above electrostatic rep\ilslons, the minimmn energy of a^vation 
result* when the attacking ion approaches from the directiem that 
wonld lead to inversion, Furth erm o ie , authors believe that 
the quantum mechanical forces are more powerful than the electro- 
static ones {cf. §2. I). The Hugfaes-Ingold theory assumes that 
nucleophilic substitution reactions may tnVw place by either of the 
following mechanisms : (i) An Sif2 involving the forma- 

tion of an activated complex, e^., 

HoQr-Ql —>■ HO— R— X — ► HO— R + X- 

(ii) An Sj|l m«dianism involving the fonnation of a carbonluro 
ion, eg., 
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Hughes d al. (1D35) studied (a) the interchange reaction of 
(±)- 2 -iodo-octane with radioactive iodine (as sodium iodide) in 
acetone solution, and {&) the racemisation of (+)- 2 -iodo-octaiie by 
ordinary sodium iodide under the same conditions. The reactions 
were shown to take place by an S 52 mechanism, and the rates of 
exchange (of iodine) and racemisation veere shown to be the same, 
ix., the halide-halide* displacement is always accompanied by 
in>’ersion. Thus this experiment leads to the auumpHon that an 
S 52 reaction alwaj-s gives inversion. This is fully supported by 
other experimental work. 

The reaction between alcohols and thionyl chloride has been 
studied extensively. According to Hughes and lugold (1937), the 
first step in the reaction is the formation of a chlorosnlphinate ; 
no inva^on occurs at this stage (which is a four-centre reaction). 


R—o— s=o -f Ha 

This intermediate chlorosulphicatc may then form the alkyl chloride 
by one of the three possible mechanisms, Sk 2 , Sjrl, or ; an 
reaction is a nudeopbilic reaction that tal^ place by an tn/ra- 
moidic/ar mechanism. 



(i) S52 


^ - 

R_o— + R— o— s=o 

Uov 

— ► a-R-oso — ► a—R + so. 


(ii) S,1 

a 

R-Ci— i=o 


Q 

0 — 


R-1-0-S=0 ► R+ + -O— ► Ra + SO, 

The second stage of this reaction may possibly occur as follows : 

c? ^ 

-o— s=u- 


- so, + a- - 


. RQ 


(iii) S5I 




s=0— ►RCI + SO, 


Cl 
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Hu^es and Ingold based their arguments on the assmnptkm 
that ^e alkyl chloride is formed by the decomposition of an inter- 
mediate chlorosulphinate, a compound which has been isolated in 
many cases, e.g., from the reaction between thlonyl chloride and 
methanol, ethanol, propanol, etc. 

Now let us consider the stadc course of each of the three possible 
mechanisms. If the reaction proceeds by the 3^2 mechanism, the 
reaction will be end-on, and so will be accompanied by inverskm ; 
an example of this type of reaction is that bchveen thionyl chloride 
nnd oCtaD-2-oL 

If the reaction proceeds by the 3*1 mechanism, by pre- 
ionisation, then inversion and racemisatkm (retention) will occur, 
the amount of each depending on various factors. The carbonium 
ion is flai [cf. §8(iii). II], and therefore attachment of the chlorine 
ion can take place equally wcU on either side, equal amounts 
of the (+)- and (~)-fonns ore produced ; this is racemlsation. 
During the actual ionisation, however, the retiring negative group 
will " protect " the carbonium ion from attack on that side, ia., 
there is a shielding effect, and this encourages an end-on attack 
on ih$ other tide, thereby leading to inversion- The amotmt 
of inversiou and racemlsation (retention) depends on the nature 
of the alkyl group, K, and on the experimental conditiems, ag., 
the reaction between thionyl chloride and methylphenylmethaiwl, 
CH,*CH0H*C4H|, leads to inveraion and racemisation (Hughes 
and Ingold). In this example, pre-ionisation Is believed to be 
due to the powerful electron-releasing properties of the phenyl 
group. 

lunaHy, if the reaction proceeds by intramolecular nucleophilic 
substitution (Sjt mechanism), there is retention of configuration ; 
the reaction proceeds effecti^y as a four-centre one. 

In certain compounds involving attack at an asymmetric carbon 
atom, owing to the nature of one of the gronps attached to the 
asymmetric carbon atom, an 3j|l reaxrtion occura with almost com- 
plete retention of configuration. This retention is due to " pro- 



“prctootlon" retention 
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tection'’, and the most important "configuration-protecting" 
gro up is the a-carboxylate km group. An example which illastrates 
this phenomenon is the hydrolysis of a-bromopropionic add to 
a-hydroxypTopionic acid in alkaline solution. 

The negatively charged oxygen atom of the carboxylate ion forms 
a " weak electrostatic bond " with tlw positively charged carbon 
atom on the side remote from that where the bromine ion is ex- 
pelled. Thus this remote side is protected from attack by the 
h yd r oxyl ion, and consequently the hydroxyl ion is forced to attack 
on the gflJTift side as that of the receding bromine ion, thereby leading 
mainly to retention of configuration (Hnghes and Ingold, 1937). 

Summary. The Walden inversion afiords a means of studying 
the mechanism of substitution and replacement reactions. If com- 
plete inversion occurs, then the reaction takes place by an 5^2 
mechanism ; If racemisation and inversion (the latter generally 
being in excess), then the mechanism is Syl. When the amount 
of racemisation is small and there is a predominant amount of 
retention, the mechanism is also S^l, bnt in this case a " configura- 
tion-protecting " group is present When the reaction takes place 
with complete retention, the mechanism is Sjr * » complete retention, 
however, also occurs with four-centre reactions. These roles also 
offer a means of correlating configarations. 

The Walden inversian has also afforded a means of studying the 
mechanisms of various reairangementa. Thus the experiments of 
Kenyon et al. (1939, 1941, 1946) on the mechanisms of the Hofmann, 
Curtins, Lassen and Beckmann rearrangements (see VoL I), have 
shown that these rearrangements occur with retention of configura- 
tion when the migrating group contains an asjTnmetric carbon atom ; 
thus these rearrangements can bo depicted by an S^i mechanism 
(see also 52h. VI). 

56. Effect of solrentB on reaction velocity and mechanism 
of reaction. Since the rate-determining step in an Sjjl reaction 
Is the ionisation into the carbonium ion, any factor that assists this 
ionisation will therefore tend to help Syl reactions to place 
more readily. Solvents with high dipole moments are usually good 
ionising m«iia, and in general it is found thAt the more polar the 
solvent, the greater the velocity of an Sj(l reaction. However, in 
addition to the ionisation efiect, there is also the problem of solva- 
tion to be considered. Ions and polar molecules, when dissolved 
in polar solvents, tend to become solvated. For a given solvent, 
the solvation tends to increase with the increasing magnitude of the 
charge on the solute molecules or ions ; and for a given solute, the 
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solvation tends to increase wHli the increasing dipole moment of 
the solvent Thus, in the Sjfl reaction ; 

£ V Ikrw OH- 

X +R+ >-ROH 

the first step, in a highly polar solvent, may be written : 

S + R_X + S -V S- — R— -X- — S [S— R] + + [X— Sr 

where S represents a number of solvent molecules. Both the high 
dipole moment of the solvent and the process of solvation will 
fadlitate the ionisation of RX. On the other hand, the solvated 
ion [S — R]+ would probably not be so active as the non-solvated 
ion R+, and so the second step is slowed down- This retardation 
is of much leas magnitude than the acceleration of the first step, 
and so the overall reaction proceeds at a faster rate in highly polar 
solvents. It should be noted that the above reaction is an Sjl 
reaction only so long as the first step is slower than the second. 
Should the secemd become slower than the first, then the mechanism 
will be S||2 (see also below). 

The rates of 5^2 reactions are also aflected by the polarity of 
the solvent In addition to the assumption that the greater the 
polarity of the sohrte molecules, the greater will be the solvatkm, 
there is also the assumption made (and is borne out in practice} 
that for a given magnitude of charge, solvation decreases as the 
charge is spread over a larger volume. Thus, in the Sg2 reaction 

HO^R— X HO_R_X HO_R + X- 

a solvent with a high dipole moment will solvate both the reactant 
ion and the transitiOT state, but more so the former than the latter, 
smee in the latter the charge is more dispersed than in the fonner. 
Thus solvation tends to stabilise the reax^tents more the transi- 
tion state, ia., the energy of activation is increased, and conse- 
quently the reaction is retarded. 

In the MenschuUdn reaction : 

R,^ RTC -► R,_lJ_R'_X H.NR'} +X- 
the charge on the transition state is greater t^au that on the re- 
actants. Thus the transition state will be more solvated than the 
reactants, thereby lowering the energy of activation, and thus in- 
creasing the rate of the reaction. Furthermore, the greater the 
polarity of the solvent, the more readily solvation should occur. 
These jffedictions have been observed experimentally, the rate of 
the reaction increasing with increasing polarity of the solvent. 
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The polarity of the solvent may change the mechanism of a 
reaction, e.g., Olivier (1934) showed that the hydrolysis of bcnxyl 
chloride in 60 per cent aqueous acetone is largely by the 5,3 
mechanism. 


C,H, ^ QH, C,H, 

HoA<!aJi— a -> Hb-Jai.-ci -v ho— <!h, + a- 

In water, h o wev er , the mechanism was changed to mainly 5,1. 
The dipole moment of water is greater than that of aqueous acetone, 
and consequently ionisation of the bensyl chloride is facilitated. 

In genei^, the nature of the reactant molecules and solvent 
determines which mechanism will take place (c/. the work of the 
earlier investigators, f2). 


§6. Nature of the tranaitfon state. In the reaction : 


V-QcoMX -> Y— CaM— X— v CoMY + X- 


we have seen that in the transitkm state X and Y are coU inear and 
on opposite sides of the attacked carbon atom. In the transition 
state, C, a, b and d are ccplanar, with the line joining X and Y 
perpendicular to this plane. In the original molecule Cu6dX, the 
four groups are arranged tetrahedrally. Hence to achieve a planar 
configuration of Cabd in the transition state, the carbon atom 
changes firom tetrahedral to trigonal hybridisation (see Vol. I, 
Ch. II), the remaining orbital being used (by means of its two 
bbes) to hold the groups X and Y by “ bail-bonds " (Fig. 3). 



Fjo. 3J. 


^Vben X Is ejected, the carbon atom ret u rns to its state of tetra- 
hedral hybridisation. 

§6a. Sterlc factors and the transition state. We have already 
seen (J4. II) that steric strain, produced by steric repulsion, will 
decrease the stability of a molecule. This steric effect may also 
operate in the transitioD state, and the compression energy in the 
transition state may be either greater or smaller thnn that in the 
initial state and consequently the steric effects may hinder or 
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facilitate the reaction. In the Sjfi mechanism, the transiticm state 
consists of five atoms or groaps bonded or partly bonded to the 
carbon atom at which reaction Is occurring. If these groups arc 
bulky then steric repulsions between them prevent the ready forma- 
tion of the transition state, i.e., the co m p r es si on energy in the 
transition state is greater than that in the initial state, and so the 
reaction is hindered stcrically. A classical example is the case of 
the «eopentyl radical, the 5^2 reaction involving nopentyi 
bromide and sodium ethoxide takes place with far greater difficulty 
than the analogous reaction involving etltyl bromide. The transi- 
tion states of these two reactions may be written as follows : 




/OH, 

—00,14* 


In the ” normal *’ transition state, the entering and displaced groups 
are coUinear. Such a state of afiairs is possible with e^yl bromide, 
but is not possible with ««pcntyl bromide because of the large 
bulk of the Urt.-butyl group. In the latter case it is believed that 
the Bf — C — OCjH| bonds are no longer coUinear but " bent away ” 
from the ferf.-butyl group. Such a " bent " transition state has 
a large compression energy and so is far more difBcult to form than 
a symmetrical (" normal ") transition state. 

Another interestiDg example of steric effects on the transition 
state is that of l-chloroapocamphane. This compound does not 
react with reagents that normally react with alkyl 
halides (Bartlett ti oL, 1939). The hydrolysis of 
terf.-butyl chloride always takes place by the Sjl 
mechanbrm. 1-ChIoroapocamphane is a tertiary 
chloride, but It does not undergo ionisation and so 
an Sjfl mechanism Is not possible. The reason for 
this failure to Ionise is believed to be as foUows. 
Carbonhim ions are fiat, and if any structural 
feature prevents a planar configuration, then no 
carbonhim km wfll be produced. Removal of the chloride km 
from l-chloroapocamphane would produce a positivety charged 
carbon atom which cannot become planar because of the steric 
requirements of the ring stru cture . On the other hand, since the 
rear of the carbon atom of the C — Q gro up is protected by the bridge, 
an 5^2 mechanism is not possible since Inversion cannot occur. 
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In general, steric hindrance is of far less importance in S5I 
mechanisms. This is due to the fact that in the S5I mechanism 
there are not more tlian fonr gronpa attached to the carbon atom 
at which reaction is o c c urrin g (but see solvation, §6). If, ho^vcve^, 
.the molecule (undergoing the Sj! reaction) contains large groups, 
then the first step of ionisation may relieve the steric strain in that 
molecule and so assist the formation of the carbonhim ion, i.e., the 
reaction may be aetderaUd sUricaUy. Thus, in the solvolysis of 
tertiary halides we have : 


■ r.cQ: R.C+ + X- 

tetrahedral planar 

(largo strain) (small strain) 

B^o^vn d al. (1&49) have shown that as the R gronps increase in 
size, the rate of solvolysis increases. However, the larger the 
R groups, the more slowly will the carbonhim ion be expected to 
react wth the solvent, and thus a factor is introduce which 
opposes steric acceleration. As we have seen, a carbonhim ion can 
also undergo an climmation reaction to form on olefin, and Brown 
el at. (10^) have shown that this elimination process also increases 
as the R groups become larger. 


ASYMMETRIC SYNTHESIS 

§7. Partial asymmetric synthesis. Partial asymmetric syn- 
thesis may be defined as a method for preparing optically acUvo 
compounds from symmetrical compounds by the intermediate nsc 
of optically active co m po un ds, but without the necessity of rcso- 
hitkm (Marckwald, IWl). In ordinary bboratory syntheses, a 
symmetrical compound always prodnas the racemic modification 
(§7a. II). 

The first asymmetric synthesis was carried out by Marckwald 
(1004), who prepared an active (— )-valeric add (kevorotatory to 
the extent of abOTt 10 per cent, of the pure compound) by heating 
the half*bmcinc salt of cthylmethylmalonlc add at 170®. 

I and II arc diastcreoisomers ; so are III and IV. V and VI ore 
cnantiomorphs, and since the mixture is optically active, they must 
be present in unequal amount*. Marckwald believed tliU was due 
to the different rates of decomposition of diastcreoisomers I and II, 
but according to Eiscnlohr and Blder (1038), the half-brudne salts 
I and II are not present in eywof amounts In the solid form (as 
thought by Marckwald). These authors suggested that as the less 
soluble diastcrcoisomer crjftnllised out (during c\’aporation of the 
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CIL CO,H[(->-bruoino] CH, .CO, II 

0,Wf ^CO,n OiHr Nxi.H [(-)-bradn«] 

I II 


^ OH,. ^CO,H[[-)-bniclno3 CH,^ 

.oC + 


'‘CO,H[(-)-brudM] 






sohition), some of the more soluble diastereoisomer spontaneously 
changed into the less soluble diastereoisomer to restore the eqnlli- 
brium between the two ; thus the result was a mixture of the 
haU'bmcine salt containing a larger pro porti on of the less soloble 
diastereoisomer. If this be the cxplanatioD, then we are dealing 
with an cjcample of asymmetric transformation and not of asym- 
metric synthesis (see §10. II). Further work, however, has shown 
that Marckwald bad indeed carried out an asymmetric synthesis. 
Kenyon and Ross (1081) dccarboxylated optically active ethyl 
hydrogen ethylmethylmalonate, VII, and obtained an optically 
inactive product, ethyl (±)-a-methyIbutyTate, VIIL 

OHf^ /CO,U CHf^ 

0,Hr^°\00,C,H, ^ "" OjHr ^CX),C,H, 

VII VIII 

active iaacUve 


These anthors (1962) then dccarboxylated the cincbonldine salt of 
Vn, and still obtained the optically lna H Iv ^ product ViXI. 


OHj.^ /00,H(ciDQhonldino) CH- . ... 

^0^ ► f CO,+ clochonidinc 

0,Hr NxV3tH. OfHr '^00,C,H, 

VIII 

inaoUre 

Kenyon and Rosa soggest the following explanation to account for 
their own experiments and for those of Marckwald, Decarboxyia- 
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-tkm of diastcrcoisomcTs I and II takes place via the formation of 
the same enrbanion lo, and decarboxylation of VII and its 
dnehonidino salt via Vila. 


CHi. COiII [H-brudno] 

C,H(^ ^COjH 
I 


CH^ XOtH 
0 ,H» ^CO,H[(-)-brucme] 



Cflj. © 

OOjHCH-bnjdne] 

CtUf 

la 


CHj ^COflT 

'N:o,o,h, 

VII 


CHj 


CO|n(ciJKhon]diiiol 



ciiw e 

^C-C»,C,II, 

o.n,-^ 

Vila 


OtEi' Nx),0,H, 


■Combination of carbanion la with a proton wflJ prodneo diastereo* 
Isomers HI and IV in different anaonnts, since, in general, 
diastereoisomers are formed at different rates (§76. H). On the 
other hand, carbanion Vila will give equimolecular amonnts of 
the cnantiomorphs of VIII. If the formation of optically active 
a-methylbutyric add (V and VI) were dne to different rates of 
decarboxjdation of III and IV (Marckwald's explanation) or to 
partial asymmetric transformation during crystallisation (Eisenlohr 
and Mder's explanation), then these effects are nullified if Kenyon’s 
explanation Is correct, since the intermediate carbanion is the same 
for both diastereoisomers. Thus, if the asymmetric transformation 
theory were correct, then decarboxylation of the dibrucine salt of 
ethyhnethylmalonic add to a-methyfbutyric add should give an 
optically inactive product, since only one type of crystal is now 
possible (asymmetric transformation is now impossible). 


0H,^CO,H[(-)^n.d«] ^ ™l^g_oo.HC-)-brada.] 
0,Hr 'NX),H[(-^-bruQlDe3 OjEf 

la 

On the other hand, if the carbanion la is an intermediate in this 
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decomposi ti on, It is still possible to obtain an optically active pro* 
dnct Kenyon and Ross did, in fact, obtain a toWotatoryprodnct. 

McKenzie (1904) carried out a number of partial asymmetric 
syntheses by reduction of the keto group in various keto-esters in 
which the erter group contained an asymmetric group, i.g., benzeyl* 
formic add was estaified with (— )-raentbol, the ester reduced with 
aluminium amalgam, and the resulting product saponified; the 
mandelic add so obtained was slightly hevorotatory. 


C.H.-COCO.H + C,H,-COCO,C„Hi, + H,0 

C,H,-CHOH-CO,C„H„ 


C.H,-CHOH-CO,H + (-)-C„HuOH 
{— )-rotation 


Similarly, the pyruvates of (— )»mcnthol, (— )-pcntyl alcohol and 
(— )-bomcoI gave an optically acti\^ lactic add (ilJ^tly lacvorota- 
tory) on reduction. 

CH,-COCO,R(-) CH,-CHOH-CO,R(-) 

^^VCH,-CH0H<X),H + (-)-ROH 
(— )-rotation 


McKenzie (1004) also obtained similar results with Grignard re- 
agents, tf.g., the (-•)-mcnthyl ester of bcnioylformic add and 
methyhnagnealum k>^do gave a slightly hevorotatory atrolactic 
add. 

/OHgl 

0,H,'C0C0,C»IIb+ CIIyMgl ► 0|H|0— COjOijIIo 

XH, 

.OH 

C,H, C^CO,ll + (-).C»HttOU 
XH, 

(-l-roUUon 

Turner d al. (1949) carried out a Reformatsky reaction (see VoL I) 
using acetophenone, (— )-mcnthyl bromoacetate and zinc, and 
obtained a dextrorotatory ^ydroxy-^hcnylbutyric add. 


0|H,\ 

^C=0 + Zn+ On,fir'CO,C3MHB 

CHj 


^OZnBr /OH 

CII,^°^H^CO,Oi,n„ CHj^ '^OH, CO,H 
(+)-roUtIon 
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Jackman «< oZ. (1060) reduced Zart.-butyl n-hexyl ketone witli 
al mnmt nm (+)-15:2-trimethylpropoxide at 200“, and obtained a 
slightty Icevorotatory alcohol 


(CH,)^-COC,Hi, 


[(CHJ/>CB(OHJOVAl 


(— )-rotation 


Another example of asymmetric synthesis involving the use of a 
Grignard reagent is the rtdudim of 3:3-dimethylbntan-2-one into 
a dextrorotatory 3;3-dlroethylbutan-2-ol by means of (+)-2-methyl- 
btrtylmagneamm chloride {Mosher ei aJ., 1050 ; see also VoL I for 
abnormal Grignard reactions). 


(CH0,C*CO-CH, 


+)-CH,<OH.-OH(Cai«>CH«Hfa 


(CH,),C*CHOH'CH, 

(+)-rotEtfon 


In all the examples given on asymmetric synthesis, the optically 
active agent used as an intermediate has be^ combined with one 
or other of the reacting molecules. Bothner*By (1051), however, 
has carried out an asymmetric tsynthesis where the optically active 
agent is present but not combined with either of the reacting 
molecules. This author reduced butanone with lithium aluminium 
hydride in the presence of and thereby obtained 

(*b)-«oboTneol (from the camphor) and a small amount of a dextrcH 
rotatory tmtan-2-oL 

rjtm , 

CH,<XK:,H, *. » CH,-CHOHC,H, 

■ • (+)-ouspl>or * • • 

(4-)-rotalion 


It has already been pointed out that a molecule containing one 
asymmetric carbon atom gives rise to a pair of diastereoiaomera in 
untqttal amounts when a second asymmetric carbon atom U intro- 
duced into the molecule (§7b. II). In general if ^ uew asymmetric 
centre is introduced into a molecule which is already asymmetric, 
the asymmetric part of the molecule influences the coiiguration 
formed from the symmetrical part of the molecule, the two diastereo - 
isomers being formed in unequal amounts, the Kiliani reaction 
(see also VoL I). 


OH 

1 

OHO MCK H— 0— OH 

I I + 

CHOH CHOH 


ON 

) 

HO—y— H 
CHOH 


Prelog rt aJ. (1953) have studied, by means of conformational 
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aimlysis, the steric course of the addition of Grign^ reagents to 
bcnzoylfc«rmic (phenylglyoxylic) esters of nL:tymmotric alcohols. If 
the letters S, M and L refer respectively to small, roedium and krge 
groups attached to the carbinol eaxb^ atom of the asymmetric 
alcohol, then the general reaction may be -written : 

nsigz 

C,H,-CO-CO/SML ► C.H.-CRtOHl-CO.CSXfL 

faTlbQi. 

h CgH,-CR{OH)-CO,H 

Prelog ei al, found that the configuration of the asymmetric carbon 
atom in the stereoisomer that predominated in this reaction could 
be correlated with that of the carbinol carbon of the alcohol The 
basis of this correlation was the assumption that the Grignard 
reagent attacks the carbon atom (of the ketone group) preferential^ 
from the less hindered side. This necessitates a consideration of the 
possible confcrmatioiis of the ester umlecule. The authors considered 
that the most stable conformation of the ester was the one in whidi 
the two carbonyl groups arc planar and trans to each other, with 
the smallest group lying in rids plane and the other two groups 
skew. Furthermore, with the groups on the carbinol atom of the 
alcohol arranged in the staggered conformation with respect to the 
rest of the molecule, then DC and X will be the conformations of 
the esters with the enontiomcfrphous alcohol residues IXtf and Km 
respectively (thick lines represent groups in front of the plane, 
broken lines groups, behind, and ordinary lines groups in the plane). 
Thus, with L behind, methylmagnesiara halide attacks preferentiaSy 
from the front (DC) ; and -with L in front, the attack is from behind 
(X). The a-hydroxyadd obtained from IX is IX ft, and that from 
X is X ft. 1X6 and X ft are cnantiomorphs and hciK» the con- 
figuration of the new asymmetric ceufre is related to that of the 
adjacent asymmetric centre in the original molecule. Thus for the 
same keto-add and the same Grignard reagent, and using different 
optically active alcohols belonging to the same configurational series, 
the product should contain excess of a-hydroxyadds with the same 
sign of rotation- This has been shown to be so in practice, 

{— )-inenthol and (-'-)-bomeol are both configurationally related to 
£(— )-gIyceraIdehyde, and both lead to a predommance of tlw 
{~)-ltydro3^^d. On the other hand, if the keto-add is pyruvic 
add and the Grignard reagent phcnylmagneahun bromide, the 
(-b)-hydroxyadd should predominate in the product (this method 
of preparatiem produces an interchange of the portions of the phenyl 
and nKthyl groups, thereby leading to the formation of the enantio- 
morph). This can be seen from the following equation : starting 
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CQ^ wyl 

Me — 0 — OH HO — 6 — Me 

* ^ 

TXb Xi 

with the pyrnvic ester XI in which the configuration of the alcohol 
is IX a, the product wxnild be X 6. 

Me. ,0H I ,L 

Ph 

XI 
90,H 

■ ' ^HO — i Sle 

Xb 
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These results have been obtained in practice. Thus, when the 
configuration of the active alcohol is known, it is possible to dedrae 
the configuration of the oc-hydroxyadd obtained in excess. Thh 
method has been used to dclcmunc the configuratkm of hydroxyl 
groups in steroids. 

Cram ei al. (1952) have also dealt with asymmetric syntheses in 
which the molecule contains an asymmetric centre that belongs to 
the molecule, remains in the molecule {cf. the Kilianl reaetke 
roentioDed above). As a result of their woiic, these authon have 
formulated the rule of '* steric control of atymroetric inductian 
This is : "In non-catalytic reactions of the type shown, that 
dlastereoisomcr will predaminatc which would be formed by the 
approach of the entering group from the Uiui hindertd tide of the 
double bond when the rotational coafonaatfon of the C — C bond 
is such that the double bond is flanked by the two least bulky 
groups attached to the adjacent asymmetric centre," Thus : 

or, using the projection formulae ; 




An example of this type of reaction is the reaction between j^>cn>d* 
propionaldchyde (M Me, L ■» Ph) and methylmagnerium bromide 
(R' *= Mo) ; two products can be f o rmed, wx., XII the 
compound) and JOTI (the ttreo-compound) : 



According to the above rule, XU should predominate ; this has 
been found to be so in practice. 
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The influence of enzymes on the steric course of reactions has 
also been investigated, e.g., Rosenthaler (1908) found that emulsin 
converted benzaldehyde and hydre^en cyanide into dextrorotatory 
mandelonitrile which was almost optically pure. It has been 
found that in most enzymic reactions the product is almost 100 per 
cent- of one or other enantlomorph. Enzymes are proteins and 
optically active (see also 512. XIII), but since they are bo *' one- 
iMed " in their action, it appears likely that the mechanism of the 
reactkms in which they are involved diflers from that of partial 
asymmetric syntheses where enzymes are not used. It has been 
suggested that enzymes are the cause of the formation of optically 
active compounds in plants. Although this is largely true, the real 
problem is : How were the optically active enzymes themselves 
produced ? Ferreira’s work [510(viu). II], h o wev er , shows t^nt 
optically active compounds may poshly be produced in living 
matter by activation of a racemic modification. This theory 
appears to be superior to that of the formation of optically active 
compounds by the action of naturally polarised light (see following 
section). 

58. Ahtolate asymmetric synthesis. Cotton (1696) found 
that dextro- and Itevodicularly polarised light was unequally 
absorbed by enantiomorpha, provided the light has a waveleng;th 
in the nei^bourhood of the characteristic absorption bands of the 
compound. Tlfls phenomenon is known as the Cotton effect or 
riroilar dlchrolsm (c/. §2. TI). 

It has been suggest^ that drcularly polarised light produced 
the first natural active compounds, and to support this theory, 
racemic modifications have been irradiated with drcularly polarised 
light and attempts made to isolate one enantiomorph- There was 
'■cry little success in this direction until W. Kuhn and Braun (1929) 
claimed to have obtained a small rotation in the case of ethyl 
a'bromopropionate. The racemic modification of this compound 
was hradiated with right- and left*drcularly polarised light (of 
Wavelength 2800 A), and the product was found to have a rotation 
of + or — CH)5*, respectively. Thus we have the possibility of 
preparing optically active products from inactive substances iciihoitt 
the Intcrme^te use of optically active reagents (c/, Ferreira’s work) . 

type of synthesis b known as an nbsolute asymmetric 
•ynthesls ; It is also known as an nbsolute asymmetric decom- 
position. The term asymmetric decomposition b also applied 
to rwetions such as the formation of the (-b)- and (— )-forTra of 
*y*di-l-naphthyl-ay-diphenylallcne (see 59- V) by the action of 
(+)' and (— )- camphorsulphonic add on the symmetrical alcohoU 
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From 1930 onward; more conclnsiYe evidence for absohite 
asymmetric syntheses has been obtained, e.g., W. Kuhn and 
Knopf (1930) irradiated (±)-a-anidopropionic dlmethylamlde/ 
CH**CHN,*CO*N(CHj)^ with right-drcularly polarised light and 
obtained an nndecomposcd prodnct with a rotation of + 0*78* ; 
with left-drcolarly polarised light, the undecomposed product, had 
a rotation of — HM*. Thus the (— )- or (4'Koi^ ^ decomposed 
(pbotochemicaily) by right- or Icft-dnmlarly polarised light, respec- 
tively. Similarly, Mitchell (1930) inudiat^ humnlene nitrosite 
with right- and left-drcolarly polarised red 14 ^t, and obtained 
slightly optically active products, 

Davis and Heggie (1935) found that the addition of bromine 
to 2:4:0-triDitrostilbene in a beam of right-drcularly polarised light 
gave a dextrorotatory product 



NO, NO, 

(+)-rol*tion 

Small (-f)-rotations were also observed when a mixture of ethyl 
fomarate and anhydrous hydn^n peroxide in ethereal solution 
was irradiated with right-drcularly polarised light (Davis d d., 
J946). ‘ 
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CHAPTER IV 


GEOMETRICAL ISOMERISM 

$1. Nature of geometrical Isomerism., Maleic and fomaiic 
adds both have the same molecular formula C 4 H 4 O 4 , but differ in 
most’ of thdr physical and in many of thdr dieanlcal properties, and 
neither is optically active. It was originally thought that these two 
ddds were structural isomers ; this is the reason for different names 
being assigned to each form (and to many other geometrical isomers). 
It was subsequently shown, howe^w, that maldc and fumaric adds 
were riot structural Isomers, d.g., both p) are catalytlcally reduced to 
Buccinfc add ; (H) add one molecule of hydrogen bromide to' form 
hromosucdnic add ; (iff) add one molecule of water to form malic 
add ; (iv) are oxidis^ by alkaline potassiam permanganate to 
tartaric add (the sienocfiemical relationships in reactions ( 0 ), (IH) 
and (tv) have been ignored ; they arc discussed later In §5). Thus 
both adds have the same structure, vix,, CO|H'CH:CH*COjH. 
van't Hoff (1874) suggested that if we assume there is no fm nAoHon 
ahoui a dcubU bond, two spatial arrangements are pos^le for the 
formula C0|H*CH:CH<0|H, and these vrould account for the 
isomerism exhibited by maleic and fumaric axdds. Using tetra- 
hedral diagrams, van't Hoff represented a double bond by placing 
the tetrahedra edge to edge (Fig. 1). From a mechanical point of 
view, such on arrangement would be rigid, ij,, free rotation about 



I n 

Flo. 

XOO 
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the double bond Is not to be expected. Furthermore, according to 
the above arrangement, the two hy drogen atoms and the two 
carboxyl groups are all in one plane, i.t., the molecule is flat. • Since 
a fiat molecule is soperimpos^le on its mirror image, maleic and 
fumaric adds are therefore not optically active (§2. II). As we s ha l l 
ace later, modem theory also postulates a planar structure for these 
two acids, but the reasons are very much different from those prO' 
posed by van't Hoff as described above (see §3). 

The type of isomerism exhibited by maldc and fumaric adds U 
known as f^eomatrlcal Isomerism or ds-trons Isomerism. 
One isomer is known as the m-compound, and the other as the 
irons, the et»-compoand being the one which (usually) has identical 
or similar atoms or groups, on the tarns side (see also J4). Thus 
molecule I Is cu-butcnedioic odd. and H is ^anr-butenedinlc add. 
As ^viU be shown later ($6), I is maldc add and 11 fumaric add. 

Geometrical isomerism is exhibited by a wide variety of com- 
pounds, and they may be classified into three groups : 

(i) Compotmdj containing a double bond : C-»C, C»»N, N—N. 
(li) Compounds containing a cyclic structure— homocydlc, 
heterocyclic and fos^ ring systems. 

(lii) Compounds which may exhibit geometrical isomerism due to 
restricted rotation about a single bond (see 53. V for 
examples of this type). 

$2. Rotation about a double bond. We have already seen 
that, theoretically, there is always some opposition to rotation about 
a single bond and that, in many cases, the opposiUon may be great 
enough to cause the molecule to assume some preferred conformation 
(H^ II)* \Vhen ^vc consider the problem of rotation about a douUe 
bond, we find that there is always considerable opposition to the 
rotation. Let us first consider the simple of ethyicne ; Fig. 
2 (a) shoNTS the energy changes in the molecule vrtien one methylene 
group is rotated about the carbon-carbon double bond with the 
other methylene group at rest. Thus there arc two identical 
fa\‘oured positions (one at 0* and theothcrat ISO*), and the potential 
energy barrier is 40 kg.cal./molc. The examination of many olefinic 
compounds has shown that the potential energy barrier for the 
C=C bond Nwries with the nature of the groups attached to each 
carbon, r.g., 

CH,=CH„ 40 kg.cah/raolc ; 

C,H,'CH=CH*C,H„ 42-8 kg.cah/molc ; 

CHj'CH^CHCH,, 18 kg.cal./mole ; 

CO|H*CH=CH*COjH, 16-8 kg.cal./moIc. 

Let us consider the case of inalcrc and fumaric adds in more detail. 
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It can be seen from the diagram (Fig. 2 6) that there are too fevoured 
positions, with the iranx form more stable than the or, the energy 
difference between the two being 6-7 kg.cah/mole. The ctmvetsko 
of the trans to the ds requires 15‘8 kg.cah energy, but the reverse 
change requires about 10 kg.cah (see also §6 for a further disoosioo 
of ds-iranx isomerisation). 



Fjo, XX 


§3. Modem theory of the nature of double bonds. In the 
foregoing account of geometrical Isomerism, the dfatribntkra of the 
carbon valencies was assumed to be tetrahedral (as postulated by 
vaa’t Hoff). According to modtm theory, the four valency bonds 
of a carbon atom are dhtribated tetrahedrally only in taUtraUi 



compounds. In sutii compounds the carbon is in a state of tdf*' 
ktdftd )^bridisaHon, the four xp* bonds being referred to as o-bonds 
(see VoL I, Ch. II). In olefinic compounds, however, the two 
carbon atoms exhibit the trigtmal mode of hybridisation. In this 
condition there are three coplanar valencies (three o-bonds pro- 
duced from tp* hybridisation), and the fourth bond (ji-bond) st 
right angles to the trigonal hybrids (Fig. 3). jr-Bonds, which 
appear to be weaker than <T-bonds, tend to overlap as much « 
possible in order to mflVe the bond as str o ng as pcwsible. Ma xi- 
mum overlap is acdiieved ^riien t he molecule is planar, since in this 
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configuration the two jt, orbitals are partdleL Distortion of the 
molecule from the planar configuration decreases the overlap of 
the ji-electrons, thereby weakening the n-bond ; and this distortion 
can only be efiected by supplying energy to the molecule. It is 
therefore this tendency to produce maifmnm overlap of the 
;c>electroii8 In the 7c-bond that gives rise to resistance of rotation 
abont a " double *’ bond. For simplicity we shall still represent 
a “ double ” bond by the conventional method, c.g., C— C, but it 
should always be borne in mind that on« of these bonds is a o-bond 
{sp* bond), and the other is a 7c-bond perpendicular to the o-bond. 
It is these ;r-electrons {mobile eleetroru) which undergo the electro- 
meric and resonance effects. They are held less firmly than the 
o-electrons and are more exposed to external influences ; It is these 
jt-electrons which are respcmsible for the high reactivity of un- 
satnrated compounds. 

In co mp ounds containing a triple bond, s,g., acetylene, the two 
carbon atoms are in a state of digonaS hybridisation ; there axe two 
o-bonds {*p bonds) and two ;r-bonds (one and one p, orbital), 
both perpendicular to the cr-bonds which are colUnear (see VoL I, 
Ql n). 

$4. Nomeaclature of geometrical leomers. When geo- 
metrical tsomerism is due to the presextce of one double bond in a 
molecule, it is easy to name the geometrical isomers if two groups 
are identical, e^., in molecules I and n, I is the cu-isomer, and 11 


the trans ; 

similarly III b cm. 

and rV b tram. 

When, however, 




b 

II 

n 

n 

i 





I 

11 

Ill 

TV 

CM 

frcni 

CM 

trans 


all four groups are different, nomeDclature is more difficult In this 
case it has been suggested that the prefixes cis and trans should 
Indicate the disposition of the Jint tro gro u ps named, e.g., the two 
»tcrcoisomcrBofl-bronK>-l-chloro-2-iodocthylene,VandVI; Viscw- 
l-bromo-24odo-l-chloroethylene or iranx-l-chloro-2-iodo-l-broiiK>' 
ethylene ; VI is ctr-l-chloro~2-iodo-l-bromoethylene or 
bTomo-2-iodo-l-chloroethylene. On the other hand, ttii< 

method of nomenclature usually deviates from the rule of naming 
groups in alphabetical order, it has been suggested ttinf the groups 
corresponding to the prefix cm or franx should be italicised, thus V 
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may .be named rfs-14ri>«o-l-eiiloro-2-fo(foethyleiio and VI fwu-l- 
6roT«Kl<hlorO-2-fo<i£>ethylene. This method, it must bo admitted, 
would offer difficulties when the names are spoken. 


Br. .01 

>0^ 




^0 .0 . 

V VI 


Some pairs of geometrical isomers have trivial nama, maleic 

and fum^c adds, angelic and tlglic adds, etc. (c/. §1). Somethne* 
the prefix iio has been used to designate the tes st^le isomer, 
crotonic add (imns-lsoraer) and «ocrotonic add (di-isomer ; the 
cu-lsomcr is usually the less stable of the two ; see §2). The use 
of uo in this connection is undesirable since it already has a specific 
meaning in the nomenclature of alkanes. The pre^ aJIo h^ also 
been used to designate the less stable isomer (di), g.g., offocinnamic 

add. ) 

When ge o metrical isomers contain two or more double’ bonds, 
nomenclature may be difficult, a.g., VII, In this case the compound 


Hn 

B'' ^CB(CH^ 

vn 


is ccmsideied as a derivative of the longest ch^ which coataias 
the maximum number of double bonds, the prefixes cis and irons 
being placed before the numbers indicating the positions of the 
double bonds to describe the rclath^ positions of the carbon atoms 
in the main chain ; thus VII is jopro p ythexa-ct»-2 :ct5-4-dlene- . 

If a compound lias two double bonds, CHfl—CH — CH«"CHZ», 

lour geometrical Isotnfin are possible : 


■.oi. 
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Tlie number of geometrical bomers is S*, where w is the iramber of 
double bonds ; thtw fonnula applies only to molecules In which the ends 
are difiercut. If the ends are Hentkal, CHa—CH — CH—CHa, 

then the number of stereoisomeia is 2 "“* + 2 ?"*, where^ — n/2 when 
A I 

n Is even, and p ^ — when n Is odd (Kuhn sf a/., 1628). 

$5. Determination of the conhiJ^ii^tlon of geometrical 
Isomers. There is no general method for determining the con- 
figuration of geometrical isomers. In practice one uses a number 
of different methods, the method used depending on the nature of 
the compound in question. The following are methods wMch may 
be used mainly for compounds that owe their geometrical isomerism 
to the presence of a drable bond, but several of the methods are 
special to geometrical isomers possessing a cyclic stmctnre (see also 

D- 

(i) Method of cydisatloa. Wiallcenns was the first to suggest 
the principle that intnmoUcular reactions are more likely to occur 
the closer together the reacting g r o up s are in the molcCTle, This 
principle appears always to be true for reactions in which rings are 
formed, but does not hold for elimination reactions in which a 
double (or triple) bond Is produced [see, ag., (s)]. 

(o) Of the two adds maleic aad fumaric, only the former readily 
forms a cyclic anhydride when heated ; the latter does not form an 
anhydride of its own, but when strongly heated, gives maleic 
anhydride. Thus I is maleic odd, and 11 is fumaric add. 


H., .CO,H 


n 

^CO,H 

II 

I 

II 

maleio add 

1 

fomarlo add 



II 0 + H,0 





Cydisatkm reactions must be performed carefully, since one 
isoi:^ may be converted into the other during the cydiring process, 
and so lead to unreliable results. In the above reaction, somewhat 
vigorous conditions have been used ; hence there is the possibility 
that int er c on version of the stereoisomers has occurred. Since 
nialdc add cyclises readily, and fumaric add only after prolonged 
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heating, the former is most probably the cw-isomer, and the latter 
the trans which forms maleic anhydride via the fonnation of maJdc 
add (see also §0). The co r re ctn ess of the conchiskm for the con- 
flgmntions of the two adds may be tested by hydrolysing maldc 
anhydride In the cold ; only maldc add Is obtained. Under thee 
mM conditions it is most unlikely that interconversion occurs, and 
so we may accept I as the configuration of maldc add. 

(6) Gtraconlc add forms a cyclic anh)?drido readily, whereas the 
geometrical isomer, mesaconic add, gives the same anhydride but 
much less readHy. Thus these two adds are : 




n 

II 

n'' ^oo,H 

H0,0^ 

dtraeoolo add 

mesaoonlo add 


(c) There are rivo o-hydroxycinnamic adds, one of which spon- 
taneously forms the loctcrae, coumarin, whereas the other does not. 
Thus the former is the di-isomer, conmarinic add, and the latter the 
irons-isomer, coumaric add. 



eoumorlnlo odd ooumaHo add 


i-mo 



coomorin 

(J) Two forms of hftrnh yHmtorw phthalic add OTO known, one of 
whki forms a cyclic anhydride, end the other docs not Thus the 
former is the cw-lsomer, and the latter the tram (see also H)* 



dr-ftdd fraw-add 
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(U) Method of conversion Into compounds of known con- 
figuration. In a number of cases it is possible to determine 
the configurations of pairs of geometrical isomers by convertmg 
them into compounds the configurations of which are already known. 
As an example of this type let ns consider the two forms of crotonlc 
add, one of which Is known as crotonic add (m-p. 72*), and the other 
as tsocrotonic add (nup. 15-6*^. Now there are two trichloro- 
crotonic adds, UI and IV, one of which can be hydrolysed to fumaric 
odd. Therefore this tricHorocrotonic add must bo the bwu-isomer, 
III ; consequently the other is the m-isomer IV. Both these 
trichlorocrotonic adds may be reduced by sodium amalg am and 
water, or by sine and acetic add, to the crotonic adds, HI giving 
crotonic add, V, and TV giving isocrotonic add, VL Thus crotonic 
odd is the /ra«-isomer, and tsocrotonic the ci* (von Auwers et al., 
1023). 

/CO,H ^CClj 

S ^ u 

fumiiric acid lU 

|tH) 


n 

H ^ClI, 

II 

W ^COjH 

V 

VI 

crotonic add 

uocfolonic add 


(ui) Method of conversion Into leas symmetrical com- 
pounds. Certain pairs of geometrical faoracis may be converted 
into less symmetrical compounds in which the number of geometrical 
isomers is increased, and by considering the number of products 
obtained from each original stercoisoroer, it is possible to drfuce the 
configurations of the latter. E.g„ there are twro 2:6-dimcthyh^T/o* 
pcntane-l:l><Jicarboxyllc adds, and these, on heating, are decar- 
boxyIatedto2:5-dimethylo^<T>cnt*»c-l-carboxylicadd. Consider- 
atkm of the following chart shows that the rij-form of the original 
dicarboxj’llc add can gi\T rise to teo stercoisoraeric monocarboj^’lic 
adds, whereas the /raw-form can produce only one product. TTras 
the configurations of the dicarbo^^dic adds are determined (see 
also §10). 
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(iv) Method of optical activity. In many pairs of geometrical 
Isomers oqe form may possess the requirements for optical activity 
(J2. II), whereas the other form may not. In such cases a successful 
resolution of one fonn will determine the conflgnraliaD, a.g., there 
are two hexahydrophthalic adds ; the m-form poss««e3 a plane of 
symmetry and consequently is optically inactive. The tnnx-iam, 
however, possesses no elements of tymmetry, and so should be 
resolvable ; this has actually been resolved (see also §11). 



H H HU 

dr-fonn /ram-form 


opllcaUly innclir© reBolvnblo 

(v) Method of dipole moments. The unsymmetrical cM-fonn 
would be expected to have a large dipole moment, whereas the 
more symmetrical frons-form will Imve a rero or almost zero <hp^ 
moment. Results obtained by thw method are in agreement with 
those obtained by chemical methods. Unfortunately, however, the 
nietbod of dipole moments is of somewhat limits appli cation , 
being confined to those where a uTid J in the molecule 

Cab^Cab are simple g r oup s, s.g., alJcyl and halogen. When the 
grou ps are more complex, the dipole moment of the group itself may 
overshadow the effects due to the cU a nd /row configurations of 
the molecule (see also §13. I). 

(vl) X-ray analysis method. This method of determining the 
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configuration of geometrical isomers is probably the best where it 
is readily applicable (see also §16. 1). 

(vii) Ultraviolet, visible, Infra-rad and Raman spectra 
methods. Geometrical isomera may show different spectra, e^., 
the intensity of the band in the ultraviolet absorption spectrum 
depends on the dipole moment (see VoL I, Ch. XXXI), and this, in 
turn, depends on the distance between the charges. In the trans- 
form of a conjugated molecule, the distance behreen the ends is 
greater than that in the ett-form. Consequently the intensity of 
absorption of the fmni-form is greater than that of the cis (see also 
§16. I). Thus, in cases such as these, it is possible to assign con- 
figurations to pairs of geometrical isomers. 

(viii) Method of surface films. Long-chain geometrical 
isomers which contain a terminal group capable of dissolving in a 
solvent will form surface films, but only the irons-fonn can form a 
close-packed film, e.g., the long-chafai unsatmated fatty adds. 



lu. .n 

II 

II 



dj-fonn 

trttTU'torm 


(iz) Method of formation of solid solutions. In compounds 
which owe their property of geometrical Isomerism to the presence 
of an olefinic bond, the shape of the Ir<wtt-form is similar to that of 
the corresponding saturated compound, whereas that of the cis-iorm 
is different, e.g., shapes of fumaric and succinic adds are similar, 
but the shape of maleic add is different from that of sncdnic add. 


R CO, 11 

11 

^COaH 

OH, 

H co.n 

r 

II 

/CH, 

fiOjC'^ 

^CO,H 

fumaric sold 

Bucolnic add 

maleic add 


Now molecules which are approximately of the same >riT.p and shape 
tend to form solid solutions. Thus fumaric add forms a solid solu- 
tion with succinic add, whereas maleic add docs not ; hence the 
configurations of maleic and fumaric adds may be determined. 

(x) Methods based on generallsatlooB of physical proper- 
ties. Comparison of the physical properties of geometrical isomers 
of known configurations has led to the following generalisations : 

(a) The melting point and intensity of absorption of the ds- 
isomcr are loxeer than those of the frons. 
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(6) The bofling point, solubility, heat of combustion, heat of 
hydrogenation, density, refractive index, dipole moment and dis- 
sociation constant (if the compound is an add) of the aVisomcr 
are greater than those of the irans. 

Based on certain of these generalisations Is the Anwers-Sklta 
rule (1015, 1920), vix., in a pair of cis’4rans isomers (of alicydic 
compounds), the cix has the higher density and refractive index. 
This rule has been used to eluddate configurations, partknlarty in 
terpene chemistry, the menthoncs (sec §10. VIII), but recently 
it has been shown that the use of this rule may give misleading 
results (see §11). 

It can be seen from the above physical properties that the friwi- 
form is usually the stabler of the two isomers, the frwni-isomer 
is the form with the lower internal energy [cf. §2). 

Thus, in general, the above phjmical properties may be nsed to 
determine the configurations of tmloMnvn geometrical ismuerSthut the 
results should always be accepted with reserve, since exceptions are 
known. Even so, determination of as many as possible of the above 
physical properties will lead to reliable results, since deviations from 
the generalisations appear to bo manifested in only one or two 
properties. It shonld also be noted that where the method of dipole 
moments can be applied, the results are reliable [^. (v)]. 

Another method based on generalisations of pl^ixlcal properties 
is that suggested by Werner. Werner (1904) pofated out that 
ethyienic ds-iranx isotners may be compared with the ortho- and jxtra- 
isomers in the benxene series, the assumption being made that the 
melting points of the cU- and criho-iscaotn are lower than those of 
the correspond in g tram- and ^ora-isomers, e.g., 


n 


CTJ-crotonlc add 
m.p. 16'5* 



o-tduic add 
m.p. 103" 


OH.. /H 




xranr-CTotonlc add 
m.p, 78" 


H 


|H 


p-tololo acid 
m.p, 180" 


Thus comparison of melting points offers a means of assigning 
configurations to geometrical isomers. Examination of the above 
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strnctnres shows that, as far as the shape of the molecole is con- 
cerned. the benzene ring may be regarded as nsurping the fonction 
of C=-C in the olefinic componnd. By making use of this idea, it 
has been possible to assi^ configurations to difficult cases of 
geometrical isomerism, 6,g., there are two ethyl a-chlorocrotonates, 
and by comparing their physical properties with ethyl 6-chloro-o- 
and S-chloro-^tolnates, configurations may bo assigned to the 
chlorocTotonates- 


It 

H>. 

rr™’ 

II 

Cl^'^COtO.H, 

Cl^ 


b.p. SeyiOmm, 


b.p. 122* 

CH.^H 

n 

CH,v 

rr'" 


OK 


b.p. 6lVl0mm. 


b.p. 130“ 


{3d) Method of stereospedfilc addition and elimination 
reacdons. This method for determining the configurations of 
geometrical isomers Is based on tbe assumption that addition reac- 
tions to a double or triple bond always occur in a definite manner — 
either cis or Iratu — for a given addendum under given conditions. 
SUmlariy, elimination reactions are also assumed to take place in 
a definite manner. 

(a) Conversion of acetylenic compounds Into ethylenlc 
compounds, and vice versa. This problem was first studied by 
^Villiccnus (1887), who suggested that when one of the acetylenic 
bonds is broken, the two groups of the addendum should add on 
in the cis-porition, e.g., the addition of bromine to acctylenedi- 
c*irboxylic add shonld produce dibromomaldc add. 


00,H 

i .... 

ioiii 




In practice, howc\’er, a mixture of dibromofomaric and dibromo- 
maleic adds is obtained, with the former predominating. Similariy, 
Isdogen adds odd on to give mainly halogcnofumaric add. Thus, 
in these two examples, the suggestion of ^Vislicenu3 is incorrect. 
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On the other hand, the redaction of tolan with rinc dust and acetic 
add (Rabinovitch et ed., 1063) produces isostilbene {the d$- 
compound) : ' i ■ 



H /OA 


This Is a cw-addition, but the problem of reduction of a triple bond 
is complicated by the fact that the results depend on the nature of the 
compoimd and the conditions used, e.g., Fischer (1912) found that 
phenylpropioUc add on catalytic reduction gave d^^ch^tnamic add, 
whereas on reduction with zroc dust and acetic add, bwu-dnnamic 


add was obtained. 


'h^0.h, 

Y. ^ 

6 r./cH.-co, 

iL 1 


L. 



Benlcescr et al, (1966), On the other hand, have shown that the 
reduction of acetylenes with lithium in aUphatic amines of low 
molecular weight produces trans olefins. It appears that, in general, 
chemical reduction produces the trans ole^, whereas catalytic 
hydrogenation produces the cis olefin. As a result of a large amount 
of experimental work, it has been found that addition r eacti ons 
to a triple bond where the addenda are halogens or halogen adds 
produce predominantly the trons-ethylenic compound, and so, 
using thi«i generalisation, one determine the configurations of 
geometrical isomers when prepared from acetylenic compounds 
(provided, of course, the addenda^ are halogen or halogen add). 

Wlalkenus also supposed that removal of halogen, hiilogen add, 
etc., from olefinic compounds to produce acetylenic compounds was 
easier in the cw-positira than in tte trans. This again was shown to 
be incorre c t experimentally, and thus the elimination reaction may 
be used to determine configuration if the as sumpti on is made that 
fran4*clinimation oc cur s more readily than cis (see also oximes, 
§21 VI). 

(6) Conversion of ethylenlc compounds Into ethane deri- 
vatives, and vice versa. Just as it was assumed that the addition 
of halogens and halogen adds to a triple bond takes place in the 
ct»-position, 80 the same assumption was made with respect to the 
double bond. Thus the addition of bromine to maldc add should 
give tneso-oL'a'-dibromosucdnlc add. Configurations VH (formed by 
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Br 


: ^COjH 
Br 
VII 


D 


Br 

B. I .CO,H 
'-O' 

I 

VIII 


attack from Uhind the molecolo) and VUI (formed by attack in 
/nMii) are identical, both being the same moo^bromosnccinic add. 
Similarly fnmaric add would be expected to give (±)-a:a'-dibit)iiH>- 
sucdnic add, DC and X are mirror images, and since they will be 


Br 

Br 


^CO,H 1 ,,CO,H 

Bft Br, Y 

\ 



HO,C'^ HO,C' ) 

Br 

Br 

DC 

X 


formed in equal amounts (see 57a. 11), the racemic modification is 
produced. Experimental work, hmvever, has shown that the rever se 
is true, maleic add gives (±)-<libromo»ucdnic add (UC and X), 
and fomaric add gives mesodibromosucdnic acid (VTl). Thus the 
addition of bromine must be fniHS. In the same ^vay it has been 
shown that the addition of halogen add is also tnins. Hence, 
assuming tram addition always occnrs with these addenda, the 
nature of the products indicates the configuration of the ethylenlc 
compound. 

The configuration of the product formed by hydroxylatlon of a 
double bond depends on the nature of the hydioxylating agent used 
and on the conditions under which the reaction is carried out. 
Pannanganate and osmium telroxide apparently always give ni 
addition, whereas permonosulphuric add (Caro's add) and per- 
henzoic add give fran* addition. On the other hand, hydroxylatlon 


Hngeat 

Type of 
addition 

Malale arid 

Fnmarto add 

KMnO, .... 

eU 

•wfotartark add 

DL-tartaHc add 

; ; ; 
.Or-OrtJ, . . . 

cU 

wufotartaric add 

Dt.-tartaric add 

trxtna 

DL-tartaric add 

mniTtartaik; add 

tnns 

DL-tartaric add 

wnrtartarfo add 

cU 

aufotartarlo odd 

DL-tartadc add 

ScO, . . . 

trmnx 

DL'tartark add 

nuio tartaric add 
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with hydrogen peroxide catalysed by osmium tetroxide in Urtuoy- 
butanol gives cit addition if the reaction h catalysed by sdenium 
dioxide in iaiiary~\mtano\ or in ac£tODe> then the addition is tnuu 
(sec abo below). The table above shows the products formed by 
hydrozyiation of maleic and fomaric adds. 

Mechanism of stereochemical additions. The mechanisms 
of the stereochemical additions to a double and a triple bond arc 
stm not certain. The addition of halogen is irons. If the two 
halogen atoms approach on the same ride of the attacked molecule 
and add timuUanootidy to the two carbon atoms, tj., we have a fcntT' 
centre ride-approach reaction (§3b. IH), the resnlting addition must 
be cis. If the two halogen atoms add on singly, then as or trans 
addition could result Since irons addition occurs in practice, the 
addition must occur by a two-step mechanism, us., the halogen 
atom* must add on one at a time (c/. ethylene, VoL I). It should 
be noted that irons addition corresponds to the " inversion ’’ of ons 
of the two carbon atoms linked by the double bond. 

Roberts and Kimball (1037) suggested that the addition to a 
double bond occurs via the formation of a cydic planar conqxraud, 



If the bromine ion attacks the planar com po u nd akmg the bonding 
line C — Br+ and on the ride remote from the bromine, then a Walden 
inversion occurs at the carbon atom attacked (this can occur equally 
well at cither carbon atom). Winstein and Lucas (1939) have 
derDonstrated the existence of the above pdanar intennediato in the 
following way. These authors studied the action of fuming hydro- 
bromic add on optically active ttf«>-3-broroo-butan-2K»l, XI, and 
found that the (— )-foTin gave (±)-2:3-dIbTomobutane. This result 
pan only be explained by the intermediate formation of 

the T.2-dimeth3dbroiDonium ion, XltL If the broniino ion attackl 
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CHj 

H— C— OH 

1 

Br— C— H 

1 

CHj 

XI 


CH, 

H— C— OH 
H— (j:— Br 
CHj 
XII 


Cj of Xin, then the configuration of C, is inverted again, and C* 
retains its original configuration ; this results in the formation of 
XIV, the (— )-form corresponding to the configuration of XI, i.*., 
XIV is fonned by eompieU retention. On the other hand, if the 


on 

I - 

H' X'-CHa 


/CHj 

-H,0 



H'''^''Cnj 


XI 

(-)-fonn 


Br 

i 

H'* 1 ''CHj 
Br 
XIV 
(-)-fonn 


xin 

Br 

lU I .CHj 

I NDH, 
Br 
XV 

(+)-fonn 


OH OHj 




XII 


2— h- 

^ M 


Br Br 

Br Br 




.1 

CHJ 1 *51 
Br 
XVI 


* X 


cnr^ i'^n 

Br 

XVII 
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bromine ion attacks C^, then the configurations of both Cj and C, 
are inverted, there is compids inversion ; this results in the 
formation of XV, the enantlomorph of XTV. Since both forms will 
be produced in equal amounts (§7a. II), the product is the racemic 
modification, the result actually obtained by Win stein and Lucas, 
The above mechanism also explains the formation of 
dibromobutane by the action of fuming hydrobromic acid on 
optically active fly<Afo-3-bromobutan-2-ol, XIL XVI and XVII 
are identical and correspond to the wwo-form. 

It might be noted, in passing, that it has been suggested that the 
intermediate bromonhim ion is a resonance hybrid- 


T^Br 

An alternative explanation for the addition of bromine to an 
olefinlc compound is as follows. At first the ion is held loosely 
by the Ji-electrons to form a tt-complex (Fig. 4 a). The molecule 
is planar at this moment Then tetrahedral hybridisation of Cj 



Pio. 4 . 4 . 


occurs, C, stiH retaining its trigonal hybridisation (Fig. 4 b). The 
bromine ion now attacks but does so on the side remoU from the 
bromine atom on C^, partly because of the repulsion of the bromiue 
atom already on Cj, and partly because of the hindering cfiect of 
this bromine atom due to its actual bulk (spatial fector ; see VoL I). 
^Vhen C, is attacked on the tmder ’*■ ^de, it hybridises to the 
tetrahedral form, and does so with inve r sion *’ (i.<., in the opposrte 
sense to Cj ; Fig. 4 o). 

Addition of halogen to a triple bond may be assumed tO' take 
place by KTTnflnr to tbose suggested for a double bond, 

e.g., the addition of hydrogen bromide to acetyiene dfcarboxyiic 
add to form bromofumaric add may be formulated : 
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Now let 03 consider the mechanism of hydroxylation, i.e., the 
addition of two hydroxyl groups to a double bond. \Vith pota^um 
pennanganatc and osmium tetnudde the cw-addition is readily 
explained by assuming the formation of a cyclic organo-metallic 
intermediate. 





■? 


jc. 

I 


OH 


This (yelk intermediate is definitely known in the case of osmium 
tetroxide (see Vol. I) ; for potassium permanganate it may be 
assumed that the pennanganate ion, 1^04“ (or the manganate ion, 
MnOi^, behaves in a similar manner. 

\Vith per-adds the hjrdroxylation results in iraw-addition. The 
first product of oxidation is an epoxide (Prileschaiev reaction ; 
sceVoLI), This compound ruay then be assumed to be hydrolysed 
uith a Walden inversion occurring at ons of the two carbon atoms 
due to the attack of a hydroxyl ion from a position remote from the 
one already present (c/. the addition of bromine). 



The addition of hydrogen peroxide may result in cii or tram com- 
pounds, WTiich occurs depends on the conditions of the experi- 
ruent, e.g., the catalyst (see above). Where /raw-addition occ ur s', 
the mechanism may possibly be through the epoxide, but a free 
hydroxyl radical mechanism could also result in the /nJW-gl>'col. 
Cij-additkm in the presence of certain oxides probably occurs via 
a c>*c c intermediate. 

The addition of a dicnophUc to a diene in the Diels- Alder reaction 
U stcreospcdfic ; cis addition always occurs (sec VoL I). Since it 
is usually poaiblc to determine the configuration of the cjxHc 
a^oct, this offers a means of ascertaining the configuration of the 
E^., butadiene forms adducts with ns- and tram- 
cinnamk adds, and hence detennination of the configurations of 
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the stcreolsomcric adduct* •will determine the configurations of the 
dnnamlc adds (see Jll) ; thus : 



tram tram H OC^H 

MechanUm of stereochemical eUmlnatlons, In the elimina- 
tion reaction : 



the elimination has been found to occur more readily in the irons- 
Isomer than in the civ. This may be explabcd by assuming that 
the reaction takes place by removal of each atom one d o time as 
follows: 



The hydiTOtyl ion con more easily approach the hydit^en atom when 
the latter is in the ira»f^)osition ^dth respect to the bromine atom 
because the repulsion between the negative hydroxyl ion and the 
negatively charged bromine atom is less for the tram molecule than 
for the ds {cf. the Walden inverakm, 54. III). 

On the other hand, many believe that the elimination occurs by 
a concerted (t.c., simultaneons) process in which the transition state 
is planar : 


I- 
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Now let 113 consider eliminations in ethane derivatives to form 
ethylene derivatives, e.g., the debromhmtioil of 2:3-<libromobtitane 
by means of potasshim iodide. According to Hughes and Ingold, 
such eliminations (bimolecolar elimination reactions, E2) tate place 
more readily when the four centres involved lie in one plane, Ihus, 
In the transition state, the hvo carbons (of the CBr groups) and the 
two bromine atoms will all lie in the same plane and at the mtub 
time the two bromine atoms will be in the staggered position. Now 
2:5-dibromobutane exists in (+)-, and fnaso-forms, and it has 
been shown that the (±)-form gives ctr-butene, whereas the m«o 
form gives frans-butene. These eliminations may therefore bo 
written as follows (follmving Winstein d al., 1030 ; the iodine atom 
is probably in the same plane as the other four groups involved in 
the planar transition state) : 


t- 



In the (inform, as the transition state changes into the ethylene 
compound, the two methyl groups become eclipsed ; in the fn«o- 
fonn a methyl group becotnes eclipsed with a hydrogen. Thus the 
®>crgy of activation of the transition state of the (±)-fonn will be 
greater than that of the m«o-fonn and consequently the latter 
®lwuld be formed more readily, the meso-form should undago 
•^^l^romination more readily than the (±}-fonn. Young a/. (1039) 
have shown that this is so in practice, the rate of debrominatioa 
being about twice as fast These authors also showed that the rate 
of debrominatlon of m«o-etiIbenc dfbromide (Ph'CHBrKIHBrPh) 
fa about one hundred times as fast as that of the (±)-form, 

§6. Interconvenion (stereomotatlon) of {geometrical Iso- 
mera, Xhe cw-isomcr, being usually the more labile form, is 
converted into the bwu-fonn under snltabb physical or 
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chemical conditkms. The usual chemical reagents used for stereo- 
mutation are halogens and nitrous acid,.tf^., 

maleic add — ►fumaricadd 

oleic add — » claidic add 

Other methods such as dlstHInfion or prolonged heating above the 
melting point also usually convert the cii-isomer into the tram, but, 
in general, the result is a mixture of the two forms. 

The co nv er si on of the frani-isomer into the cis may be effected ■ 
by means of sonli^t, but the best method is to use ultoviokt li^t 
in the presence of a trace of bromine. 

Many theories have been proposed for the interconversion of 
geometrical Isomers, but none is certain. To effect co nv ersion, the 
double bond must be " dissociated ** so as to allow rotation about 
the single bond (i.s., the o--bond ; see |3). Let us consider the 
conversion of maleic add into himaric a^ under the influence of 
light and in the presence of a trace of bromine. One mechanism 
that has been suggested for this dhange is a free-radical chain reaction, 
sinoe the conversion does cot appear to bo effected by bromine in 
the dark. Thus : 


Br^ 


-Br* + Br» 




+ Br* 


'OOiH 


Br 

I 


Br 


Br 

H\l ..XXVH 
t ? 

n 

Br 


? + n ► ? + 1 - 

II 


In free radicals I and 11, the upper carbon atom is in a state of 
tetrahedral hybridisation, and the lower one (the free radlcd p^) 
in a trigonal state (and therefore flat). Owing to the repulsron 
between the carboxyl groups, configuration I tends to change into 
configurati9n n by rotation about the single bond (<^. §4. n). If 11 
now reacts with a molecnle of arM, the latter is converted 

into a free radical containing the bromine atom, and n Is converted 
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into fumaric acdd if " invenion V occvn on lowr carbon aiom ; 
if no !' inversioi^ ” occnrs, II would form mnldc add again- 

Similariy, vaiions other reagenU^are. 'also believed to act a 
free-radical the converskm of CM-stllbeiio into 

froju-stilbene by means of Ui^t in the presence of hydit^en bromide. 
In the absence of lights the conversion takes place very slowly, bat 
in the presence of oxygen or benzoyl peroxi^, the convertiem is 
rapid- Tl>ese reagents are known to 'generate free radicals ; this 
s u pports the free-radical mechanism, the reaction being initiated 
by the formation of free radicals fr om the hydrogen bromide. 
Furthermore, if the reaction is carried out in the presence of benzoyl 
peroxide and quinol,' the converalon oi ds- into fraw-«tilbene is 
extremely slow, Tlusisinkeepingwitbthefree-radicalmechaiiism, 
since it is knofwn that quinol removes free radicals. 

Boron trifiuoride also cataljrses the conversion of cis- into frans- 
stilbene. In thU case tbe mechanism is less certain, but a reasonable 
one is: 


h^^c,h, ng,^o,H, 

^ BV 


1 


BF, 

y -BP. 






Now let us consider iMcrmai intcrconversion- Kistiakowsly 
(1036) has shown experimentally that there are at least two mechan- 
isms for thermal cii^ons isomorization of ethylene compounds, and 
that both are first-order reactions. E:g)criinental results have also 
shown that one mechanism requires a high and the other a low 
energy of activation. In the transition state ^ both thermal and 
Aemical isomerisations), the t*o parts of the molecule are per- 
pendicular to each other. To Teach this state the double bond, as 
we have seen, must imdergo ” dissociation ” ; this oc cur s by the 
decoupling of the ;r-electrons. The spins of these electrons may 
r em a i n anti-parallel in the perpendicular (x.c., tranahlcm) state. 
This type of “ dbsodatlon ” of a double brod requires energy of 
about 40 kg-cah, and the transition is said to be from a singlet 
ground state to an upper singlet state. On the other hand, it is 
also possible for the spins of the st-elections to bo parallel (this 
state is said to be the triplet state), and the energy required for this 
dissociation " is about 25 kg.c^ 
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|7. STEREOCHEMISTRY OF CYCLIC COMPOUNDS 

Geometrical' and optical Iknnerism may exist in any siied ring. 
In the following accoimt, the saturate rings are treated as rigid 
flat structures, and the groups attached to the ring-carbon atoms 
are regarded as being above br below the plane of the ring (see also, 
in particnlar, cyc/ohexane compounds, Jll). Furthermore, the 
examples described deal only with those cases in which the asyuh 
metric carbon atoms are part of the saturated ring tystem. In 
general, the pattern of optical isomerism followed cyclic con> 
pounds is simflar to that of the acyclic compound^ The main 
difference between the two la that, since there is no free rotation 
about ring-caibcm atoms, geometrical isomerism may therefore be 
manifested as well as optical isomerism. On the other hand, 
geometrical isomerism may exist without optical isomerism (see |5 
for methods of determination of the configuration of geometrical 
isomers; see also 5S9. 10, 11). • ? . 

}8. cyclopropane types. Molecule I contains one asymmetric 
carbon atom (•), and is not superimposable on Hs mirm image 
molecule IL Thus I and 11 are cnantiomorphs, i. 0 ., a eyeZopropane 



derivative containing one asymmetric carbon atom can exist in two 
optically active forms (and one racemic modification ; cf. J7a. 11). 
Molecule III contains two different asymmetric carbon atoms, and 
Bince it has no elements of symmetry (§6. II),itisnot5uperimp03able 
on ita mirror image molecule. Thus III can exist in two optically 



active forms (and one racemic modification). Structure HI, how- 
ever, is capable of exhibiting geometrical isomerism, the two 
geometrical Isomers being IH and IV. Now IV alftn amtains two 
different asymmetric carbon atoms, and these are not disposed 
towards each other as in lEL Since IV possesses no elements oi 
symmetry, it can also exist in two optically active forms which are 
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difierent from those of IlL Thus V, which may be regarded as the 
non-committal way of writing the asnfigurations m and IV, is 
similar, as far as optical itomerism is concerned, to the acyclic 
roolecnle Zabd’Qabe, i^, there are four opticalty active forms in all 
(two pairs of enantiomorphs). In genci^ any monocyclic system 
can exist in 2* optically active forms, where n is the number of 
dificrent asymmetric ring-carbon atoms {ef. §7c, II). Molecule VI 



VI VII VIU 


contains two similar asymmetric carbon atoms, and can exist as 
geometrical isomers VII and VIII. VII has a (vertical) plane of 
syraroetry and therefore represents a ftwso-fonn. VIII, however, 
posseees no elements of symmetry and can therefore exist in two 
optically active forms (and one racemic modification). IX contains 



XII xni 

three diflerent asymmetric carbon atoms and can therefore exist in 
2* » 8 optically active forms (four pairs of enantiomorphs). Each 
pair of enantiomorphs is derived from the four geometrical isomers 
X-XIII. Inspection of these configurations shows that all of them 
possess DO elements of symmetry. XIV contains two similar 




124 


ORGANIC CHEjnSTKY 


[CH. rv 

Qgymipctric carbon atoms, and the third carbon is pseodo 
asjTnmetric [cf. §7d. II). Three ^ometrical isomers, XV-X\n, are 
possible ; XV and XVI each possess a (vertical) plane of symmetry, 
and therefore each r ep rese n ts a tnao-iomL XVn, however, pos- 
sesses no elements of symmetry and so can exist in two optically 
active forms (and one racemic modification). XVEII contains .three 
riTnilnr asymmetric carbon atoms vdikh arc all pscndo-asymmetiic. 
Two geometrical isomers are possible, XIX and XX, both of winch 



XVIII XDC XX j . 


possess at least one (vertical) plane of symmetry, and therefore 
represent mtfjo-fonns. 

In the above acconnt, the stereochemistry of the cyciopropanc 
ring has been dealt with from the theoretical point of view, and this 
most of the ideas connected with the stereochemistry of monocyclic 
systems have been described. In the following sectioDS more 
emphasis is laid on specific examples, and any farther points that 
arise are dealt with in the appropriate secti^ 

§9. c^eZoBntano types. Two important examples of the 
cy^butane type are troxillic and Inixini c adds ; tmxillic arid is 
2:4-dipbenyhyriobatane-l:3-dicarboxyijc add, and Uuxinic add is 
3:4-diphenyhydohatane-lJ2-<iicarboxyiic add- cw-Cinnamlc add 
(aHocfamainJc add), on irradlatioD with light, forms mainly 
tnudnic add and trone-dnnamic adi together with some of the 
dimer of the latter, a-tmxillic (fie Jong, 1029). Bemstem ri 
aL (1943) found that irradiation of commercial /nww-dnnamlc add 
gave onty ^J-tnnrinic add. When imns-dunajaic odd was slowly 
recrystallised from aqueous ethanol, dried, and then irradiated, only 
tt-truxillic add was obtained. Tmxillic and truxinic adds have 
been isolated from natural sources. 

Troxillic add. This add ran exist theoretically in 
ftereoisomeric forms, all of which are known (the add is of the type . 
, I). All five are m«o-forms, II-V having planes of symmetry, and 
VI a centre of s y m iti^ fy. The configurations of these stereo- 
isomers have been assigned as follows. When one of the carboxyl 
groups is converted into the anflido-group, •CONH*C,Hj, t90 of the 
five forms give opticalty active compounds, each giving a pair of 
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enantkjiDorphs. Now only the stereoisomers with the two phenyl 
groops in the ifans-position can prodnce asymmetric molecnles rmdCT 
these conditions ; the remaining forms each have a (vertical) 
plaoe of symmetry. Thus only FV and VI satisfy the necessary 
conditions. One of these is known as the ct-odd (nLp. 274") and the 
other the y-edd (imp. 2S8^. This then raises the problem : 
Which is which ? This is readily answered by the fact that of the 
anilido-derivatrves of these two adds, only one can be dehydrated 
to a cydic ^J’-phenyl imide, — CO— N(C,H,) — CO — . This reaction 
can be expected to take place only when the two carboxyl groups 
are in the di-position (see §6. i). Therefore IV is y-tmiillic add, 
and VI is a-truxfllic add (since ^ add with the melting point 288" 
has been called the y-add). By considering the ease of formation, 
of the cydic anhydride, the configrautions of the r eiiiahiTng three 
stereoisomers may be detennincd. Two form anhydrides readily, 
and therefore one of these adds must be 11 and the other III. 
The third add does not form its crwn anhydride, but gives a mixture 
of the anhydrides produced by 11 and HI. Thus the third add, 
♦/^•truxlllic add, is V. The final problem is to decide which of 
the two, n and III, is />#n-tnixillic add, and which is e-tnudllic 
add. ^^’“Truxilllc add, under the influence of aluminium chloride, 
'^^^dergoes an internal Fiiedel-Crufts reaction to form a truxonic 
add, VII, and a truxone, VIII. This is only pos^le when the 
p^yl and carboxyl groups are in the m-position : (overleaf). 
Thus II is ^»<n-tmxillic add, and therefore III is e^tnu^c add. 

Troxlnlc add. This add can exist theoretically in six 
. §«mietrical isomeric forms, four of which are resolvable ; thus 
ten forms in all are possible theoretically. T mx inic add is of 



120 


ORCAHIC CHEmSTRY 


[CH. IT 



11 II H H 

tnizonle add tnixone 


VII 


VIII 


the type IX, and the elx georactiical isomers possible aie X-XV. 
X and XI are m«{>»forms (each has a plane of symroetry) ; XII- 
XV are resolvable (theoretically), lince all possess no elmventi ol 
symmetry. The configurations of these st ereofaoroers have been 
determined by methods stmilar to those used for the tnudllic acids; 
it appears, however, that only four of these fix forms arc known 
with certainty, vix., /?, d, C aod too. 



p- Wh 



jt- #- 


510 . cyctoPentnue types. A number of examples involving 
the stereochcmlitry of the five-roembcicd ring occur in natnrsl 
products, camphoric add ^238. VUI), furanose eugan (57b. 
VH). In this section we shall dbenss the case of 2 ', 5 -dimcthyt- 
cyciopcntane-l:l-dicarboxylic add. This add can exist in two 
geometrical isomeric forms, whkh may be differentiated decar- 
boxylation, the di-isomer giving two monocarboxyllc adds, I 
and n, and the frans-Isamer one monocoiboxylic add, HI 
§ 6 . iii). All three acids contain two sfanOar asymmetric carbon 
atom* and one pseudo-asymmetric carbon atom. Both I and 11 
possess a (vertical) plane of symroetry, and are therefore 
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§11. cyclo-Hexane types. The stereochemistry of tycZohexaw 
and its derivatives presents a detailed example of the prindjdes erf 
conformational analysis gia, II). On the basis of the tetrahedral 
theory, two forms are posible for cyc/bhexane, neither of which is 
planar. These two forms, known as boat and chair conformation* 
(Fig. 5), were first propo^ by Sachse (1890 ; see VoL I, du XIX), 
who al^ pointed ont that both are strainlea. Hassel a aL (194S) 

■ ^ " 

"bort” or "chaJr" or * 

C ferm Z form 

Fio. 4JL 

showed by means of electron diffraction studies that at room 
temperatma most of the molecules existed mainly in the chair 
conformation. Pitrer (1945) then showed by calcolation that the 
enei^ difference betw^ the two forms Is abont 5*6 l^ical./mok 
(the boat form having the hi^er energy content ; see also below). 
This value, however, is too ffnall for stability, and consequently 
neither conformation retains its identity, each being readily con- 
verted into the other. 

Although these two forms are free from " angle strain ”, forces 
dne to steric repulsion repulsive forces' between non4)onded 
atoms) are acting, and it is because of their different total efects 
that the two conformations dlfer in energy content. A siniple 
method of calculating thb energy difference has been introduced 
by Turner (1962). Fig. 6 (a) and 6 (&) r e p r ese nt the chair and 
boat conformations and the directions of the C — H bonds. In the 



(a) chidr form (i) boat form 


Fio. 4.6. 

chair m nfn r m ntfn n^ all the C — H bonds on adjacent carbons are 
in the skew position {i^., the, arrangement is skew as in the skew 
form of n-butane, J4. II). On the other hand, in the boat ctm- 
f onua tion there are four skew interactions (IJt, 3:4, 4:5, and 6:1) 
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and two eclipsed interactiona (2:3 and 6:0). According to Pitier 
(1040), skew interaction of the hydrogens in n-butane is 0-8 kg.cah, 
and an eclipsed interaction is S’G kg.cah Thus the steric strain in 
the chair form is 6 X 0‘8 *» 4‘S kg.caL, and in the boat form 
4 X 0-8 + 2 X 3*0 = 10-4 kg.cah Thus the boat form has the 
greater energy content, and the amount (according to the above 
method of calcul a tion) is 6*0 kg.caL There is, however, a further 
interaction in the boat form, vii. the interaction of the two flagpole 
(fp) hydrogens (at positions 1 and 4). These are closer toge^er 
than any other two hydrogens (see table below) and so produce 
an additional steric repulsion. The actual value of this interaction 
is not certain, but it is believed to be about the same as that of 
two eclipsed hydrogens. Thus the energy content of the boat form 
is 10-4 -f 3*6 = 14 kg.caL, and hence the boat form contains 
14 — 4-8 = 9*2 kgxaJ. more than the chair form. 

Inspection of Fig, 6 (a) shows that the twelve hydrogen atoms in 
the chair conformation are not equivalent ; there are two sets of 
six. In one of these seta the six C — H bonds are parallel to the 
threefold axis of symmetry of the molecule ; these are the axial (a) 
bonds (they have also been named «- or pciar bonds). In the 
other set the six C — H bonds make an angle of 100* 28' with the 
axis of the ring (or ± 19* 28' with the horiiontal plane of the ring) ; 
these ore the equatorial («) bonds (they have also been nan^ 
K-bonds). On the other hand, in Fig. 6 (6) it can be seen that the 
"end" of the boat is difierent stereochemically from the chair 
conformation ; the various C — H bonds have been named : — flag- 
pole (//>), bowsprit (6s), boat-equatorial (6tf),and boat-axial (6<i). 

Ang^ and MilU (1962) have calculated the distances between 
the various hydrogen atoms (and carbon atoms) in both the chair 
and boat conformations. 


Conlornutlon | 

Poaltion 

11— H (A) 

Chair [ 

InS# 

••40 

(Hg. 0 *} 1 

irtSa 

2-49 

laiSa 

3-06 

1 

laiSa 

S-Bl 

Boat 

2«S« 

••27 

(Fig. 0 b) 1 

S<tS# 

2-27 


1-63 


^t appears that the boat conformation occurs in relatively few cases, 
^ so in the foUom'ng account wc shall only study the problem 
ot the chair conformation. Inspection of the abo\'c table shows 
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that a l:2-iiiteraction for two adjacent equatorial hydrogau or for 
an equatorial and adjacent aiiai hydrogen is about the as for 
a Ir^interaction for two meta hydrogens. Furthemioro, a 
study of accurate scale models has shown that with any 
substituent (which is necessarilylarger than hydrogen), the li^Inter- 
actions are larger than the IrS-interactions when the same sub- 
stituent is equatoriaL Using these principles, we can now proceed 
to study the conformations of cyciohexane derivatives. 

Because of the flexibility of the chair conformation, one chair 
form can readily pass through a plane to form the other chair form, 
and in doing so all a- and A-bonds in the first now become ^ and 
fl-bonds, respectively, in the second. 



Both forms ore identical and so cannot be distinguished If, how- 
ever, one hydrogen is replaced by some other atom or group, the 
two forms are no longer Identical, methylrydohexane. In the 



a -methyl e- methyl 


j-methyl conformation there are l:3-mteractions acting, whereas in 
the tf-methyl conformatioa these interactions are absent ; instead, 
the twflAer l:2-mteractioii3 are acting. Thus the energy content of 
axial conformation is greater than that of the equatorial, and 
consequently the latter will be the preferred form. Hassel (IWT) 
has shown experimentally from electron-difiraction studies that the 
e-methyl conformation jH’edominates in methylrycfohexane. Hassel 
et al. (1950) have also shown that In chlorocytJobexane the ^fonn 
also predominates and that very little of the u-fonn is present. 

Now let us Hivmqa the conformations of dlsubstituted cyclth 
hexane*. Here we have a number of factors to consider : posit^ 
Isomerism, stereoisomerism (geometrical and optical), the relative 
dies of the two substituents, and the nature of the substituents. 
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(i) U-Compounds 

CiassicaJ fomuda Conformations 



m-lrS 



U‘.2a lets# 


It should be noted that in these CM-compounds one substituent 
must be axial and the other equatorial If the substituents dlfier 
in size, the l:3-interaction3 will be most powerful when the larger 
group is axial. Thus the conformation with the lower energy will 
be the ortc in vdikh the larger group is equatorial, i.e., this is the 
preferred form. An example of this type is cw-2'methyhyi:/(?- 
hexanol ; the methyl group is larger than the hy^lroxyl, and so 
the preferred form can be expected to be la-hydroxyh^methyL 
This has been shown to be so in practice. In general, the greater 
the difierence in sire be tw een the two substituents, the greater will 
be the predominance of the form with the larger group in the 
equatorial conformation. 

The classical formula of the cu-compound when the two sub- 
stituents are identical has a plane of symmetry and is therefore 
not resolvable. On the other hand, the two conformations are 
mirror images but not supcrimposable and hence, in theory, are 
resoU-able, Such compounds, however, have never yet been 
resolved. The reason for this is that the two forms are separated 
by such a low energy barrier that they are reaxiily interconvertible. 


Ctassicel formula 


Conformalions 



Crizxi-l:s 1«:S« la:Sa 


^Vhether Yj and Y, are identical or not, the two conformations are 
diSerent, and because of the h^interactions the r.a-loTm will be 
the preferred form. Furthermore, this form will be more stable 
than the cts-faomer (trr-form). An example that illustrates this is 
2-iDcthylcytiobcxanoL The Irans-lorm has been shown to be more 
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stable than the cis - ; the latter is rcadfly converted into the former 
^vhen heated with sodium, and also the reduction of 2-methyL^ti&- 
hexanono (with sodium and ethanol) produces the trtf«-alcoboL 
Both the classical formula and the e:e- (and aui) conformation 
of the iraw-l'ul-compoimd (whether Yj and Y, are identical or not) 
arc not supcrimposable on their mirror images and hence should 
be optically active. This has been found to be so in practice. 


(ii) l:3-Compounda 

CCassicai formula Conformalions 


O’ 

aj-i:3 

T 

nrcnj-l;3 



The two Irans-conformations are identical when the two Y groups 
are identicaL The aw,A-fonn will be more stable than the eis-a^«, 
and will also be more stable than the IrajM-ruj-eonlonnation, 
the most stable conformation of l:3-dimethyhyclohexane has been 
shown to be the cw-ltS-tf'.^-foniL It should bo noted that this 
situation is the reverse of that of the l:2-dimethyhycloheianes. 

The Auwers-Sldta rule (JS (x)6) has been shown to break dawn 
when applied to l:3-disub^tated tycJobcxancs : the reverse holds 
good, Allinger (1054) modified the rule for tyctoheianes as follow* ; 
The isomer which has the higher boiling point, refractive index 
and density is the one with the less stable configuration. Thus, 
according to this rule, the ffans-l:3-<iisubstltuted cyciohexanes have 
the higher physical constants (the froni-form has more axial sub- 
stituents than the more stable cis-fonn) ; sg., Macbeth et aL (lOW) 
have shown that the physical constants of (±)-<rans-3-roethylo«i>* 
hexylamine are higher than those of its oi-Isomer. 
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(iii) l;4-Compoxmda 

Classical formnla Conformations 



tnaa^WA a'.a eit 


The two cw-conformations are identical when the Y groups are 
identical Also, the wiD be more stable than the 

ctf-tfttf-form- 

The argun^ts used for the disubstituted cyf^ohezanes can also 
be applied to the higher substituted cyciohexanes. As the result 
of a large amount of work, the following generalisations may be 
made : 

^ In fyclohexane systems, mono, di-, txi-, and poly-Bubstituted 
derivatives always tend to take up the chair conformation whenever 
possible. 

(ii) The chair confarmatian with the maxiimim number of 
o<luatorial substituents will bo the preferred conformation. This 
generalisation, however, is only satisfactory when the internal 
forces due to dipole interactions or hydrogen bonding are absent. 
When these are present, it is necessary to detennine which forces 
predominate before a conformation can be assigned to the molecule. 
As an ilhistration of this problem, we shall consider 2-brorDocycZo- 
hexanone ; the two possftle chair forms are : 



a-Br «-Br 

On the batis that a substituent preferably takes up an equatorial 
conformation, it would therefore be expected that the conformation 
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2tf-bromcwycZoliacanone vrould be favonreil Infrared studies, bow- 
ever, have shcrwn that the a-bromo conformation predominates. 
This has been explained as follows. The C — Br and C=0 bonds 
are both strongly polar, and when the bromine is equatorial the 
dipolar repulsion is a maximum, and a minimum when the bromine 
is axial. Since the axial form predominates, this equatorial dipolar 
repulsion must therefore be larger than the l‘.3-interactions. When, 
however, other substituents are present, the l^S-interactions may 
become so large as to outwei^ the dipolar effect and the bromine 
would now be equatoriaL Such is the case with 2-broii>o-4:4- 
dimethyhyciohexanone. 



^ The energy barriers between the various confonnatious (of 
the cases studied so far) are too small to prevent Interconversion. 
Up to the present time, the number of geometrical (and optical) 
isomers obtained from a given eyefohexane derivative is in agree- 
ment with the number that can be expected from a planar ring 
with the substituents lying above and bdow the plane of the ring. 
We shall now, therefore, discuss the stereochemistry of some cydty 
hexane derivatives from the classical point of view. 

(i) Bexahydrophthalic acidi (c>^bexane-l:2-dicarboxylic adds). 
Two geometrical isomers are theoretically possablo, the cis, I, and 



the trttns, n. Molecule I has a plane of symmetry, and therefore 
represents the meso-form ; II has no elements of symmetry, and 
can therefore exist in two optically active forms (and one racemic 
modification). All of these possible forms are known, and it has 
been found that the c«-compoand, I, forms a cyclic anhydride 
readily, whereas the fronj-compoand, II, forms a cyclic anhydride 
with difficulty (c/. §5. i). 

(II) HexahydT<^sof>hi)\aUo acUU (eydohexane-l;3-dicaxboxyilc 

adds). Two geometrical isomers are possible ; the d*-form, HI, 
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has a plane of symmetry, and therefore represents the moo-form ; 
IV has no elements of symmetry, and can therefore exist in two 



optically active forms (and one racemic modification). All of these 
forms are known ; the cw-isomer forma a cyclic anhydride, whereas 
the fraw-isomer does noL 

(iii) H$x<ihydrt3lsrephi)uilic acids (cyc/ohexane-l:4-dlcaiboxylic 
adds). Two geometrical isomers are possible ; the cii-form, V, 
has a plane of symmetry, and the trans-ionn, VI, a centre of sym- 
metry. Hence neither is optically active. They may be dis- 



V VI 

tingubhed by the fact that the at-lsomer forms a cyclic anhydride, 
whereas the fnmi-isotner does not. 

(iv) Inositol (hexahydroxycycfohexane). There are eight geo- 
metrical isomers possible theoretically, and only one of these is not 
superimposablc on its mirror Image roolecnle ; thus there are nine 
forms in all (and one racemic modification). If we imagine 
that we are looking down at the molecule, and insert the groups 
which appear above the plane of the ring, then the eight geometrical 
homers may be represented as follows : 

H . OH OH OH 

Hj^NoH 

Hl^^OH 

^ H ' H H H ' 

Wio-Inoeitol 

^ ^ OH OH 

Hr^^OH 

hI^^h hL^oh hI^^h hoI^^oh 

OH H OH H 

reKl\*abIe *(7111101 
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Examination of these configurations shows that all except one— the 
one labelled resolvable — have at least one plane of symmetry, and 
so arc all #««o-forTns. All the frusthiama and both of the optically 
active forms arc known ; of these fwso-inositol, scyllitol and (+)- 
and (— )»inositol occur naturally. The optically active ino^b 
are examples of centro-aff/mmctric compounds (56. II). 

(v) Benxena haxachlorida (hexachlorocycfchexane). Here a gain 
eight geometrical isomers are possible theoretically ; seven are 
known, a, y, 6, «, »?, fl ; the y-isomer is a powerful insecticide (see 
VoL I). All have been shown to exist in the chair form, and the 
conformations that have been assigned are ; 

a-, aauee \ /?-, tuue ; y-, aaaut ; d-, aeuM ; auau. 

Of these forms, it is the ^ which loses hydrogen chloride with the 
greatest difficulty (Cristol of., 1961). This is in keeping with the 
principle that the tram geometry for elimination is the " ideal " 
condition (see §12). All of the other stereoisomers possess at least 



one pair of chlorine atoms cis to other (thus having H and 
a tram). Cristol (1949) has also identified the a-isomer as the 
(±)-fann. 

(vi) So far, wo have discussed the stereochemistry of the cyrio- 
hexaiw ring. The same types of stereoisomerism are also exhibited 
by various sired beterocycllc systems, t.g., dimethyldlketopiperarme 
(§6. n^, furanose (J7b, VTT) and pyranose (57a. VII) sugars. 

(vii) Deealim ani dfcalcls. As we have seen, the beat and chair 
forms of eyefohexane are readily interconvertible, and the result is that 
cydoheiane behaves as if it were planar. Mohr (1918), however, 
elaborated Sachse’s theory, nne^ predicted that the fusion of two 
cyclohexane rings, e.g., as in decalin, should produce the cl*- and troMt- 
forms which would be sufficiently stable to retain their identities. 
This prediction has now been confirmed exper im en tall y. 

A norwommittal way of writing the two geometrical isomers of 
decalm is given by formulae VII and VHL On the other band, 
several conventions have been introduced to rqjresent these isomffs. 
One convention uses /uU lines to represent groups abovt the plane 
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H, H| H, 

h.LhA^h, 

H, H, H, H, 

VU VIU 

cu-decAlin rruru'dftcalin 

of the molecole, and broken lints to represent those below the plane 
{cf. 56 . aJ) ; thus crr-decalin will be IX and irarts-decalin X- This 
conventkm appears to be the one most widely used (see, e.g., 
Steroida, Qu XI), but there is another, mtrodoced by Linstead 
(1037), which is favoured by many. According to this convention, 



ft hydrogen atom is represented as being above the plane of the 
ring when drawn as in XI. and below the plane when drawn as in 
XII ; thus cM>decalin will be XIII, and irans-decalin XTV. 

'r T CO 00 

XI 1 XU xiu xrv 

cu* rraw- 

Fig, 7 shows the original diagrammatical method of representing 
^^•-decalin by the fusion of two boat forms of eyeZobexane, and 
fraw-decalin by the fusion of two chair forms ; these ore the forms 
suggested by Mohr. 



m^ciSn rrmu*d«c*tn 

Fio. 4.7. 
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The configoratlom of the decal ins, however, are now known to be 
more complicated than this, the complication arising from the fact 
that a number of stralnlcss modlficatkms are possible, which differ 
in the typo of " locldng O., whether axial or equatorial bonds 
are used to fuse the rings. Acconiing to Haasel ei al. (1940), rib- 
and /rans-decalins arc as shmvn In Fig. 8 ; the as-fonn is produced 
by joining one axial and one equatorial bond of each ring, whereas 



ar-dealtn rrccHitciIln 

Fio. 4.8. 


the trans-iorm Is produced by joining the two rings by equatorial 
bends only ; in both cases the eyefohexane rings axe ^ chair 
forms (see also below). 

Johnson (1953) has calculated the difference in energy content 
between these two fontis in the following simple manner. The 
<rtf»$-form is arbitrarily assigned a value of lero cnogy, and when 
this form is compared with the cis, it will be found that the latter 
has three ex tr a skew interactions involving the two axial bonds 
(this is shown in the following diagram ; the rir-form has 3 staggered 
and 16 skew arrangements, and the frW'foTm 0 staggered and 
12 skew). Since each of th^ skew interactions is associated with 





an energy increaac of O-S kg.cal., the total energy difference between 
the Of- and trans'ionrts is 3 X 0-8 -■ 24 kgxah It might be 
noted, in passing, that if these two decal ins are regarded as 
l:2-<iisub5tituted cydohexanes, then the irans-iarm {r^) would be 
expected to be more stable than the dt- 
We shall now deal with the detenninatlon of configuration in the 
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decalin serie*. The configuraticms may be ascertained by using the 
Auwcrs-Skita rule (see §6. (3c)6). Hflckel (1923, 1026), however, 
isolated two fonns of 2-decalol and determined their configurations 
by the following chemical methods. 2-Naphthol, on hydrogenation 
in the presence of nickel as catalyst, gave two 2-decalols, XV and 
XVI, each of which, on oxidation with chromic add, gave a decal- 
2-one (XVn and XVIII). These two decal ones each gave, on 
oxidation with permanganate, a <ycZohexnne-l:2-diacetic add. 
These diacetic add* were geometrical isomers ; one was resolvable 
and therefore must be the frarts-isomer, XX ; and the other, which 
was not resolvable, must therefore be the cM-isomer, XEX (this is 
the m**o-form). Thiis the configurations of the two decalola and 
the two decalones are established : 





‘H 

•OHj-OOjH 

■H 


XVll 


XIX 


C0“ 


H ' 

xvin 


XX 


In addition to the two jycZoheiano-l:2-diacetic g dds (which are 
formed by tdssion of the 2:3-bond of the decalone), two other geo- 
metrical isomers were also obtained, viz., ds- and troni-cyciohexane- 
l-carboxyi-2-propk)nic adds, XXI and XXn (these are formed by 
scission of the liS-bond of the decalonc). 


ai 


,-CO,H 

' -H 

XXI 


Qr 

XXII 


The converrion of S-naphthol into two decalols does not prove 
that the two decalols are the ciz- and tron^-isomeis described above. 
It is possible that both compounds could have been the cm- and 
^ranz-forms of a givtn decalol ; rince the carbon atom of the CHOH 
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group in tho 2-decabl is asymmotric, it can exist in two configun. 
tbns, each dccalol, XV and can exist in two forms; 



XVa and XVTtf , Had the two decalols been the two forms of either 
XV or XVI, then on their oxidation, only one decaJone would have 
been produced. Since, however, two decaloncs were obtained, the 
two decalols must be of the types XV ahd XVI— one of each, or 
even a mixture of tho pairs ; further proof of the existence of the 
types XV and XVI lies in the feet iat the two decalones gave 
geometricnl isomers of rycfobexane-lr^-diacetk add. 

Condderatian of fonnolae XVa and XVI« shows the presence of 
three asynunetric carbon atoms io each of the four possible forms, 
and since all four possess no elements of symmetry, four pairs of 
enantiomorphs should bo possible theoretically. Actually ^ eight 
forms have been isolated, but their configurations have not yet 
been established with certainty. 

Tbero are only fteo geometrical isomers possible for the dectlhis, 
and their configurations have been established by tho reduction 
of the two decalones, XVII and XVni, by means of the WotS- 
Kishner method (Eisenlohr a oL, 1924 ; sec also VoL I) \ each 
decalonc gfves the corresponding dtHmlin. It is interesting to note 
In this connection that V^stfltfer cf «f. (1024) found that hydro- 
genation of naphthalene in tho presence of platinum black os catalyst 
gives mainly cii-decalin, whereas in the presence of nickel as 
catalyst the main product is truw-decalin. 

Various other fused ring systems have also been shown to exhibit 
the same type of geometriil isomerism as the de c al tns, the 
hydrindanoU exist in ois~ and <!nittj-forms (Hflckel et aJ., 1920), 
and also the decahydroqninollncs and decahydroxfoquinolines 
(Heifer et al., 1928, 1926). 

It has alrendy b^ pointed out that in raonosnbstituted cyde- 
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hexanes, the preferred confommtioii is the one with the substituent 
equatorial, but owing to the low energy barrier between this and 
the ftTial iorm, the two are readily interconvertible. In the case 
of the monosubstituted decalins, the problem is more complicated. 



c«-hydrindanol. fraju-hydrindAnol. 

Two forms; both mtto- Resolvable 



'DecAhydroquiooUnea ‘ I>ecshydrotK>qQlriolin« 


In os-decalin, since ring fusion involves equatorial and axial bonds, 
the molficnle is flexible and can interchange with the other cis-fonn. 

there are two cw-forms possible pCXIII and XXIV), and these 
are identical and in eqoilfbriuni {cf. cyctohexane). This has been 
shown to be so by Hassel (1960) ; thus : 



Now let ns consider «s-2-decaloL Here there are four possible 
conformations which, in pairs, arc in cquilibirom. Two arise from 
(XXIIIa and XXI1I6), and two from XXTV (XXTVa and 

xxm). 

In XXHItf and XXrV6 the hydroxyl group is equatorial, and so 
these two conformations cont^ about the same energy. In 
XXIVa and XXIII6 the hydroxyl group is axial, and on the 
that an equatorial conformation is more stable than an axial, then 
XXllIu and XXIVfc will contribute more to the actual state of 
the molecule than will XXIVa and XXIII6, ».c., the hydroxyl 
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group in os-2-<iecalol should possess more equatorial character than 
n xi»i, It is also interesting to note that the two axial forms do 
not contain the same energy. In XXrn6 the a-hydroxyl group is 
involved in the normal l:S-hydrogtn interactians (at i and 9), but 
in XXrVtf the interaction is the normal 1:9- with the hydro^ at 
4 and the larger l:S-intcraction with the CH, group at 8. Thus 
XXrV« should be less stable than XXin6. 

In ira«-decalin there is only one stable conformation, aince the 
ting fusions use equatorial bonds. If the molecular conformation 
were " inverted ", the two ring fusions would now have to be axial, 
and this type of fusion is impossible (the axial bonds on adjacent 
carbon atoms are pointing in opposiU directions). Thus, in trans'^' 
decalol, there are only two conformations possible, XXV and 



XXV XXVI 

XXVI. Furthermore, the latter, with the equatorlal-hydroiyl 
conformation would be expected to be more stable than the former 
(with the axial hydroxyl). 

512. Effect of conformation on the courae and rate of 
reactions. Since the environments of axial and eqimtorial groups 
are different, it may be expected that the reactivity of a given 
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grcrap ^vill depend on whether it is axial or oquatoriaL Now 
reaetkins always occur with inversion (|4. III). Hence if the 
geometry of the molecule is such as to hinder the approach of the 
attacking group (Z) along the bonding line remote the group 
to be expelled (Y), then the Sr 2 reaction will be slowed doN\-n. 
Examination of formulae I and II sho^vs that the transition state 
for an reaction is more readily formed when Y is axial (I) than 
when it is equatorial (II). In I, the approach of Z is unhindered 



I n 


and tbccxpulsion of Y assisted by the normal l:3-intcractions. 
In II, the approach of Z is hindered by the rest of the ring. Thus 
Ss2 reactions take place more readily with an axial substituent 
than with an equatorial. Using this as a generalisation, it Is 
possible to assign conformation, c^., Fitrens d al. (1062) have 
shown that <yc/ohexyl bromide has a relatively low reactivity ; the 
bromine is therefore equatorial in this compound {as would be 
expected in the absence of dipole interactions and hydrogen 
bonding). 

The ^dy of Sjrl reactions in <yc/ohexanc derivatives is made 
difficult becaijsc of the ease with which elimination reactions usually 
occur at the same time. It can be expected, howrv’er, that an Sj^l 
reaction will be sterically accelerated for an axial substituent, since 
the formation of a carbonium ion will relieve the steric strain due 
to l:3-interactions. On the other hand, since these l:3-interactions 
are absent for an equatorial substituent, no steric acceleration will 
operate In this conformation. In practice, however, it has been 
found that in S^l reactions where the substituent is restricted to 
an axial or to an equatorial position, the difference in reaction rate 
is much lea than expected (from the above conformational argu- 
ments) ; e.g., Winstein d al. (1055) ha\’c shown that the solvolj’sls 
of m-W.-butyk^tJohexyl-fl-tosylatc is only 3-4 times as fast as that 
of the corresponding /raw-^-tosylate. The reasons for this behariour 
arc uncerta^ 

A particularly important substituent group in cj’clic compounds 
Ia hj*droxj’l, and tv-t) \*ciy Important reactions in whkh this group 
b are esterification and lij’drolj'sis (of the ester). Owing 

to the hindered character of an axial group due to l:3-intcractlons, 
atcrification and hj’drolj'sis will occur more readily with the 



ORGAKIC CHEMISTRY 


144 


[CB. rv 


equatorial conformation. In the same way, esterification and 
hydrolysis of esters in which a carboxyl group is the substituat 
will alk» occur more readily when this group is equatorial On 
the other hand, the relative rates of oxidation of secondary a- and 
c-alcohols to ketones by chromic add (or hypobromous add) U the 
revem of the relative rates of hydrolysis of thdr carboxylic esters, 
1^, an a-hydroxyl is more readily oxidised than an e-. The reason 
for this is that the rate-determining step in this oxidation is a direct 
attack on the hydrogen atom of the C — H bond. If the hydroxyl 
is axial, the hydrogen is equatorial, and vice versa ; thus : 



Elimination reactions ore also of great importance in cyclic com- 
pounds. As we have seen (|5. xi), in ionic E2 reactions the four 
centres involved He in a plane. In cydohexane systems this 
geometrical requirement Is only found in /rans-l^-diaxial com- 
pounds, and these compounds thus undergo ready elimination 
reactions. In rigid systems, rf.g., the trans-decalin type, elimination 
in fraftt-l*.2-dlequatorial coicqxmods is slower tlian in correspond- 
ing diftxial compounds, Cw-liS-Compounds (in which one mb- 
fitituent must be axial and the other equatorial) undergo elimination 
reactions slowly. 

The steric course of El reactions is more difficult to stutfy than 
that of E2 reactions because of tho two-stage mechanism. This 
makes it difficult to ascertain the geometry of the intermediates 
involved. The formation of the carbonium icm will be stcrically 
accelerated if the ionising group is axial and, if a second group fs 
eliminated to form a double bond, this second stage will also be 
stcricalty accelerated if the second group is axial. Barton d al 
(1051) have pointed out varknu examples in which El reactions 
arc favoured by the diaxial conformation. 

Not only does conformation control the rate of reactions, but ft 
also may afiect tho corirso of a reaction. An example of the latter 
effect is tho elimination reaction undergone by 2-phenyhyi:fobexanol 
in the presence of phosphoric add to form phenylcycWicxeDe. 
Price d al. (1940) have shown that both the ci* and traits alcohols 
ore dehydrated, the former more readily than the latter. The 
product was shown to bo a mixture of phenylcydohcx-l- and 2-ene, 
the former predominating when the cit-alcohol was used, and both 
olefins being present in about equal amounts when the /r«fW-alcoboI 
was used. These results may be explained as follows. In ^ 
cts-alcohol the conformations of the tydrogen and hydroxyl ^viuch 
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are eliminated are in the irons position {the " ideal " position), 
whereas in the frans-alcohol these two groups are in the cis positioiL 




irons 


l.ene S-eue 

(88%) (12%) 

-Si- (60%) + (60%) 


Another example of the effect of conformation on the course of 
a reaction in <y^hexane systems is the action of nitrous acid on 
amines. Mflls (1963) has proposed the following generalisation : 
When the amino-group is equatorial, the product is an alcohol with 
an equatorial conformation ; but when the amino-group is axial, 
the main product is an olefin together with some equatorial alcohol 

Just as trans elimination is favoured with the two groups axial 
and irar\s. so it has been found that addition of electrophilic reagents 
to a double bond in cycioheienes is predominantly diaxial. 

As vre have seen, although there is a preferred form in cyclohexane 
derivatives, the energy of interconversion between the preferred and 
lea stable form is too low to permit their being distoguished by 
the classical methods of stereochemistry. This predominance of the 
preferred form holds good at room temperature (or below). At 
higher temperatures, or during the course of a chemical reaction, 
the i^ponderance of the p ref er red form may be reduced- In 
cheniical reactions, it may be possible for the reaction to proceed 
loore readily through the less stable conformation because it is this 
tine which more closely approaches the geometry of the transition 
*tatc. An example of this type is chloro<yc/ohexane. As we have 
*ccui the preferred form is the equatorial conformation- This 
compound, on treatment %vith ethanolic potassium hydroxide, 
’i^ergoes dehydrohalogcnation to form cyc/ohexene. Since Irons 
^^“idnatlon is preferred, the reaction probably proceeds via the 
^^^ll form. 
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Now let xts con5ider reactions involving the hydroxyl gronp. It 
has already been pointed out that equatorial hydroxyl groups are 
more readily esterified, and equatorial esters more readity hydro- 
lysed, than when these groups are axiaL If an axial cste group 
has to stay in this position during hydrolysis, then because of the 
steric hindrance (l:3-intcractions), the rate will be relatively aknr 
(reaction path A). It is possible, however, that prior to reactioo, 
the molecule is forced into the equatorial conformation (c/. chkco- 
tyclohexane above). If this were to happen, then the slower rate 
of hydrolysis would be due to the additional energy required to 
bring about the change in conformation (reaction path B). 



Experimental data has enabled one path to be distinguished from 
the other (see also §16- VIII). 

In fusid sysUrm, owing to tte rigidity of the structure, such in- 
terconversions (as described above) arc far less likely to occur. 

In this chapter, the discussion of conformational analysis has 
been applied to cyclohexane and its derivatives, and this has bem 
done in order to introduce some of the ideas connected with this 
problem. The generalisations applicable to tyc/obexane compoondJ, 
however, are also applicable to heterocyclic componnds con- 
taining nitrogen, oxygen or sulf^ur (see, tropines, §22. XIV ; 
carbohydrates, 57h. VII). They are al» appllctible to the poly- 
nuclear compounds, the Steroids ; in fart, much of the wark 
leading to these generalisations has been carried out on these 
compounds (see §4c. XI). 
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STEREOCHEMISTRY OF DIPHENYL COMPOUNDS 

§1. Cooflgaratlon of the diphenyl molecole. If we assume 
that the benrene ring is planar, then the diphenyl molecule will 
consist of two planar rings ; but without any further information 
we cannot say how these two rings are arranged spatially. Kaufler 
(1907) proposed the " butterfly " formula, I, in or^ to account for 
the chemical behaviour of various diphenyl derivatives, 6 .%., 
Mkhler and Zimmcnnaim (1881) had condensed benzidine with 


p 

U 1 

'/VI 1 f 

X) 


AXl 1 N- 



OO^H 

CO,H 

O 

NO, 

rv 


carbonyl chloride and obtained a product to which Kaufler assigned 
structure II. According to Kau^, the co-oxial structure III was 
impossible, since the two aminO'groups are too far apart to react 
simultaneously with carbonyl chloride ; it should be noted that this 
simuUaneout reaction at both ends was assumed by Kaufler. Simul- 
taneous reaction, however, is reasonable {according to Kaufler) on 
the folded structure, IT. 

Now Schultz (1880) bad prepared a dinitrodlphenic arid by tlw 
nitration of diphenic arid, and Schmidt et aL (1903), from their 
work on this add, believed it to be 6:6'-dinitrodipheiilc arid, IV ; 
these ^vorlce^s, it should be noted, did not synthesise the arid. ^ 
1921, however, Kenner et oL synthesised 6:6'-dInitrodiphenlc aad 
by means of the UUmann reaction {see VoL I) on the ethyl ester 
of 2-chloro-3-mtrobenzaic add, and hydrolysing the product This 
arid, V (written with the two benzene rings co-ejrial), did not have 
the ffflT-na melting point as Schultz's arid, and so Kenner, believing 
that Ms and Schultz’s arid were both 6;6'-dinitrodipbeoic aad, 
suggested fhflt the two were stereoisomers. Then Christie and 
Kenner (1922) showed that Kenner's arid was resolvable, and 
148 
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COAH, OOAH, KOb 

NO, NO, COAH, 



NO, 00,H 
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pointed out that this could be explained on the Kanfler formula, 
IV, since this structure has no dements of symmetry. These 
authors, however, also pointed out that the optical activity could 
also be accounted for ^ the co-axial structure, V, provided that 
the two benzene rings do not lie on one plane {see also §2). 

Kauflcr's formula, as we have seen, was based on the assumption 
that the two amino-groups in benzidine react timuUaneoxssly with 
various reagents. Re-investigation of these reactions showed that 
this was not the case, e.g.. Turner and Le Fivre (1928) foimd that 
the compound produced from benzidine and carbonyl chloride 
was not as originally formulated (see II or III), but had a free 
amino-group, %.e., the compound was [NH,'AH 4 'C,H 4 *NH],CO. 
Hence Kanfler'a reason for his butterfly formula is incorrect, and 
although it does not necessarily follow that the formula is incorrect, 
ueverthekss Turner's work ^veakcned Kauflcr's daim. One of the 
strongest bits of chemical evidence for rejecting Kaufler's fonnula 
U that of Barber and Smiles (1928). These workers prepared the 
three dimercaptodiphenyls, VI, VII and VUI, and oxidised each 




vii VIII 



IX 


one. Only one of them, the 2:2'-derivative, VI, ga\‘o the intra- 
molecular disulphide (diphcnylcne disulphide, IX). On the 
Kaufler formula, all three dithiols would be expected to give the 
intramolecular disulphides, since the two thiol groups are equally 
dirtant in all three compounds. 

Physico-chemical methods have also been used to determine the 
^®^^%untion of the diphenyl molecule, e.g., the cr^-stal structure 
of 4:4'-diphenyl derivatives show* a centre of symmetry ; this is 
only possible for the co-axial formula. Dipole moment measurc- 
nNnls also confirm this configuration, e.g., the dipole moment of 
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4:4''<Uchlorodiidienyl is rero ; this again Is only possible if the two 
bensene rings are co-aiiaL 

§2. Optical activity of diphenyl compounds. Christie and 
Kenner's work (see alxn/c) has bew extended by other worken, 
who Bho\vcd that compound in which at least iAru of the four oriio- 
poaitlcms in diphenyl are occupied by certain groups could be 
resolved. It was then soon found that two conditions were neces* 
sary for diphenyl compounds to exhibit optical activity : 

(i) Neither ring must have a vertical pl^e of symmetry. Thus 
I is not resolvable, but 11 is. 



AD A B 

1 n 


(ii) The substituents in the ortAo-posltlons must have a large 
site, Ag., the following compounds ^ra‘e resolved : C-nltrodipbenlc 
acid, 6:0'-dinltrodlphenic add, 0,'6'-dichJorodlphenic add, 2:2'- 
diamino-C:0'«dimethyldlphenyl (see also {4)« 

The earlier work shcro^ that three groi^ had to be present la 
the oriAuj-posltions. This gave rise to the theory that the groups 
in these positions impinged on one another when free rotation was 
attempt^ the spatial effect prevented free rotation. This 
theory of restricted rotation about tbe single bond Joining the two 
benxene rings (in the co-axial formula) was suggested simultaneously 
in 1020 by Turner and Le Fivre, Bell and Kenyon, and Mills. 
Consider molecule III and its mirror image IV. Provided that the 
gitnips A, B and C are largo enough to '* interfere mechanically ", 
I.S., to behave as " obstades ", then free rotation about the single 
bond is restricted. Thus the two benxene rings cannot be coplantr 

I 

B I B 

III * IV 

and consequently IV is not soperiraposable on lU, i.a, III and IV 
are enantlomorphs. In molecule III there is no asymmetric carbon 
atom ; it is the molecule oj a vkoU which is asymmetric, due to 
the restricted rotation. 

In diphenyl the two benxene rings are co-ajdal, and In optically 
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icthr dipbcnyl derivatives the rings are inclined to each other dne 
to the spatial and repulsive effects of the groirps in the ortAo- 
positions. The actual angle of inclination of the t^ rings dq^ends 
on the nature of the substituent groups, but it appears to be usually 
in the vicinity of 00°, i.e., the rings tend to be approximately per- 
pendicular to each other. Thus, in order to exhibit optical activity, 
the substituent groups in the ortAo-positions must be large enough 



COjH 

0-0 


V, 


to prevent the two rings from becoming coplanar, in which case 
the m olecule would possess a plane or a centre of s ymm etry, 
di i^>eni c add is not optically active. In configuration V the mole- 
cule has a plane of symmetry, and in configuration VI a centre of 
“yniuidry: of these two, VI is the more lilcely because of the 
repulsion between the two carboxyl groups (c/. §1 II). 

If restricted rotation in diphenyl compounds is due entirely to the 
spatial effect, then theoretically we have only to calcolate the size 
of the gro u p in order to ascertain whether the groups will impinge 
and thereby give rise to optical activity. In practice, however, it is 
fotmd that groups (and atoms) behave as if they were larger than 
the vohimes obtained from group (and atomic) radii [^. §16b. 1). 
This behaviour i« largely due to the fact that groups also repel 
(or attract) one another because of the electric charges that are 
osaaHy present on these groups. Thus the actual distance that the 
atoms or groups (in the oriAo-positions) can approach one another is 
grta/fflr tlian that obtained from the atomic and group radiL Better 
®Srwinent with experiment is obtained when the van der Waals 
(|2. I) are used for calculating the “ aiie '* of a group. 

hater work has shown that if the substituent groups are large 
oi<wgh, then only t90 in the o- and o'-positions will produce 
^'•tricted rotation, §.g., Lesslie and Tomer (1932) resolved diphenyl- 
^-disulpbonic VIL In this molecule the suljdionic acid 
gnmp is large enough to be impeded by the oriAo-hydrogen atoms. 



SOjH 


• Vll 


vm 



153 


OHCAKIC CSMSTRY 


tCH. V 

Lesslie and Tomer (1033) have alto resolved the anonlnm com* 
poond VUI ; here also the trimcthykrsonhim group is Urge 
enough to he impeded by the ortfc)-hydiogen atoms {the bromine 
atom in the »n<itr-posHkm givea asymmetry to this ting). This 
example is unique op to the present in that only one lobstftocnt 
in the ortAo-position produces optical activity in diphenyl compounds. 

It has already betm pointed out that dtpbenic add is not optically 
active, and that its configuratkm is most probably VL Now calcu- 
lation shows that the eSective diameter of the carboxyl group fa 
large enough to prevent configuration V from bdng planar, and 
consequently, if the two rings could be held more or less in this 
configuration, the molecule would not be coplanar and hence would 



be resolvable. Such a compound, IX was prepared and resolved by 
Adams and Komblom (1&41). The two beniene rings are not 
coplanar and are held fairly rigid by the large methylene ring. 
IfOand ei aL, (1955) have also prepared the optically active diphenyl X 
■which has a £:51'*bridge and two amino-groups in the 6:6'-positkms. 
On the other hand, these authors have also prepared XI fn optfcaiiy 
active forms ; tiris compotmd has the 2:2'-bridge but no suh* 
stituents in the fi-.O'-positions. 

53. Other examples ol restricted rotation. In addition to 
the diphenyl compounds, there are many other examples where 
optical activity in the molecule Is produced by restricts rotation 
^xmt a single bond which may or may not be one that Joins two 
rings. The following examines are only a few out of a very large 
number of compounds that have been resolved. 

(J) Adams d oi. (1031) have resolved the following N-phenyl- 
pyrrole and N'.N'-<lipyrr^ 
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Adams d dL (1932) have also resolved the 3:3'“dipyridyl 
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fii) l:r-Dniaphthyl-8:8'-dicarbojcylic add has been obtained in 
optically active forms by Stanley (1031). 



This compound gives rise to asymmetric transfonnatJon (§10 iv. II) ; 
resolution with brudne gave 100 per cent, of either the (+)- or 
(— ^compound. 

Other c o mpo unds similar to the <toiaphthyl which have been 
obtained In optically active forms are i:l'-dmaphthyl-6:6'-dicar- 
bcnylic acid. I (Bell d al., 1961). the dianthryl d^vatives, 11 and 
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ni (BeD d al,, 1949), and the 4:4- and Si'-dlqtiinolyis, IV and V 
(Crawford et al., 196^. 

(in) Mills and Elliott (1928) obtained //-benzcnesulpbonyl-S- 
nitro-l-naidithylglydnc, VI, in optically active forms ; these were 
optically tmstable, andergoing asymmetric transforroatkm wHh 
bmdne. Mills and Kclham (1037) also resolved W-acctyl-N- 
niethyl-^tohiidine-3-stilphonic add, VII, with brodne, and found 

% 

CH. OT.OH. 

ao 6- 

OH, 

VI VII 

that it racemised slowly on standing. In both VI and VII the 
optical activity arises from tim restricted rotation about the C— K 
bond (the C bdng the ring carbon to which the K is attached). 
Asymmetry arising from the same cause is also shown by 2-aceto* 
ro^ylaimdo-4":fWlmethyldipbtmyisnJpbone, VIU ; this was par- 
tially resolved by Buchanan d al. (2950 ; see also |10 Iv. II). 
It is also interesting to note in this connection that Adams d al. 
(1950) have isolated pairs of geometrical isomers of compounds of 
the tjrpes IX and X ; here geometrical Isomerism is possible became 
of the restricted rotation about the O— K bonds. 
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(iv) Lflttriughaus ei al. (1940, 1947) isolated two optically active 
fonns of i-bromogentisic add decamethylene ether. In this 
compound the methylene ring is perpendioilar to the plane of 



the benzene ring ; the rivo substitnenU, Br and CO,H, prevent the 
rotation of the benzene nudeus inside the largo ring. 

(v) Terphenyl compounds can exhibit both geome tri cal and 
optical isomerism when suitable snbstitnents are present to prevent 
free rotation about single bonds, tf.g., Shiidneclc and Adams (1931) 
obtained the foUcwing compound in both the cm- and trans-totms. 



trtaa 


Interference of the methyl and hydroxyl groups in the orfAo-positions 
prevents free rotetion and tends to bold the two outside rings per- 
P^wiicular to the centre ring. Inspection of these formulae shows 
that if the centre ring doe* not possess a vertical plane of symmetry, 



woa 
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then optical activity is possible. Thus Browning and Adams (1930) 
prepared the following as- and irans-forms, and resolved the ai- 
isoraer ; the /rany-lsomcr is not resolvable sbeo it has a centre of 
tyininctry. 

(vi) A very interesting case of restricted rotation about a single 
bond is aflorded by the compound lO-m-ominobcnsylideneanthroDe. 
This was prepared by Ingram (1050), but he foiled to resolve it. 



Ho did show, however, that it was optically active by the nnitarota- 
tlon of its campborsulphonate salt, and by the preparation of an 
active hydriodide. Thus the molecule is asymmetric, and this 
asymmetry can only be due to the restricted rotation of the phenyl 
group about the C— phenyl bond, the restriction being brought 
about by hydrogen atoms in the ortAo-positions, The two hydrogen 
atoms labelled H* overlap in space, and consequently the benzoiB 
ring cannot lie in the same plane as the 10-methylencanthrone 
skeleton. 

§3a. Molecular overcrowding. All the cases discussed so far 
owe their asymmetry to restricted rotation about a single bood- 
Thcro is, however, another way in whkh stcric factors may produce 
molecular osymraotiy. It has been found that, in general, non- 
bonded carbon atoms cannot approach closer to each other than 


Me 



I 


11 


III 
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zbcrr*^ 3-0 A* Thus, if the prometn* of the ludlrruir h kin li ua lo 
ptxirx “ mlrainoleculir o\TrcTOw*dmp **, the nu»h rulr iH-conwn 
ds-.rrtcd. An example of this U-jv is 4-.5:S'lrimclUyM-p\\c nviuthi yl* 
t?;txadJ, I. Tlic phcnanihrene nucleus is pbnar ami sulrttdumts 
he fc this pUne. If. hoiATvxr, there arc fairly larpc groups in 
pcsitiorj; 4 and r>, then there will not be enough ri>om to nccomnK>- 
due both groups in the plane of the nucleus. This leads to strain 
beieg pTodnce<l by intramolecular oxxrcrowding, and the strain may 
be rtlicaxd Iiy the bending of the suirttiluents out of the plane of 
the irod-us, or by the bending (hucklinp) of the aromatic ring", or 
by both. ^^’hichc^Tr explanation is conixt, the molmde viiU m> 
longer be planar ov.ing to oul*o(*phnr distortions. If the nu'l«a nle 
is cot planar, it smII be asymmetric and hence it should lx (t!n^'\v^l' 
call)-) rcsol\-ablc. Ncssmanc/tfl. (IPIO. IP 17) haveartuaUv jvutidU 
resolved it, and hasx also partially rcsobtsl 11 and III {l*oihof v»huh 
also exhibit out-of-plane distortions). All of these rom|v\imU vv\ to 
found to ha\x low optical stability, but Turner ri at, (UV'.>' haw 
prepared the optically active forms ol 0:10-dihydiO'3'4 h;0 diK iuo* 
phenanthrene (l\0, which is more optically stable tluu I, II an^l III, 



IV V VI 


Nesi-man rt al. (I0r»5, 1050) have prepared V ami VI which, m> far, 
are the most optically stable compounds ol the intramolecular 
overcrowding tj'pe. 

It will be noticed that in IV and VI the only way in wliWi out- 
of-plane distortion can occur is through buckling of the molecule. 
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The simplest molecule exhibiting overcrowding and consequent otd- 
of-plans bucMUng of the molecule is Sii-benzophenanthrene (VII) ; 
this has been shown to be non-planar by X-ray analysis (Schmidt 
€t al., 1954). Similarly, Robertson d al. (1054) have shown that 
Vni exhibits out-of-plane buckling. 

Another point to note in connection with out-of-plane buckling 
is that the buckling is distributed over all the rings in such a tmnner 
as to cause the mmimtiTn distortion in any one ring. This distorticHi, 
which enables non-bonded carbon atoms to avoid being closer 
together than 30 A (marked with dots in VII and VIII), forcei 
some of the other carbon atoms to adopt an almost tetrahedral 
valency arrangement (the original hybridisation is trigonal), and 
this afiects the physical and chemlc^ pro p erties of the molecule, 
e,g,, Conlson d al. (1966) have calculate that the deformation in 
Vm prodnccs a loss of resonance energy of about 18 kgxaL/mole. 

Just aa benxene rings may sufier distortion, so can a molecnle 
vhich owes its planarity to the presence of a double bond. Such 
an example is dianthronjdidene (DC). The carbon atoms marked 
with dots arc overcrowded (the dikance between each pair is 2-9 A), 
and the strain is relieved by a rotation of about 40® armmd the 
olehnic double bond (Schmidt d al., 1954). 

§4. RacemUation of diphenyl compounda. Sincetheopti^ 
activity of diphen 3 d compounds arises Irom restricted rotation, it 
might be expected that racemisation of these compounds would 
not be possible. In practice, it has been found that many optically 
active diphenyl compounds can be raccmlsed under suitable con- 
ditions, e.g., boiling in solution. The general theory of these racemi- 
satkms Is that heating increases the amplitude of the vibrations of 
the substituent groups in the 2:2':5:9'-position5, and also the 
amplitude of vibration of the two benxene rings with respect to 
each other, thereby pennitting the substituent groups to slip by 
one another. Thus the nuclei pass through a common plane and 
hence the probability is that the final product will contain an 


A B 



B A 


equimolecular arooxmt of the (+)- and ( — )-forms. Westheiiuer 
(1946-1950) bos assumed, in addition to the above bond-stretchings, 
that the angles ot, ^ and y are deformed, and also the benxen© rings 
themselves are deformed during racemisation. 
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The foregoing theory of racemlsation is analogous to Werner’s 
theory for the racemisation of componnds which contain an asym- 
metric carbon atom. According to Werner (1904), the groups in the 
co m pound Cdbds are sot vibrating under the influerKo of beat, 
ind if the amplitude of vibration becomes largo enough, all four 
groups wiD become coplaimr at some instant (Fig. 1). This planar 
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Etruclurt vs syiumetrical. and when the molecule emerges from this 
condition, tbw is an equal chance of its doing »o in the (+)- or 
(— )-coiifiguratkm, tjj.. t^ molecule racemisca. There is, however, 
a great deal of evidence against this mechanism in compounds of the 
type Zdbde , from spectroscopic data it appears that the bonds 
break before the vibrations were large enough to permit a 
planar configuration to be reached. Furthennore, Kincaid and 
Henriques (1940), on the basis of calculations of the energy required 
for the inversion of molecules, were led to suggest that the mole- 
cule Zabdt can only be racemised by the bonds actually breaking. 
Even * 0 , this theory of racemisation appears to be the most reason- 
able one for the racemisation of diphenyl compounds. In thiw 
case, the amplitude of vibratkm does not ^ve to be large in order 
to permit the ortAo-groups to slip by one another. This is supported 
by the fact that it has been found that diphenyl compounds with 
snail substituent groups racemise easily, whereas when the groups 
are large, racemisation is difficult or even impossible. 

24' :Q:6'-TetrasubsUtuted diphenyl compounds may be classified 
nader three headings according to the nature of the substituent 
groups, 

(i) Non-rssolvabU, These contain any of the following gr o up s : 
bydrogen, methoxyl or fluorine. The volumes {effectiv* volumes) 

OOH, F COjH 
HOjO F OCR 


1 
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of theic group* arc too small to prevent rotation about the single 

bond. Thus 2:2'-difluoro-6:C'-dlmcthoxydiphenyl-3',3'-<licaiboxylic 

add, I, is non-resolvable, 

fu^ Resolvable, but easily racsmUed. These must contain at least 
two amino-groups, or two carboxyl groups, or one ambo- and one 
carboxyl group ; the remaining groups may be any of those ghen 
in (i) [but not hydrc^en]. Thus 6:6'-diQaorodiphcnlc add, II, b 
resolvable, and is readily racemised. 



II 


(Ui) Not racsmitabU at alL Diphenyl compounds which fall in 
this group are those which, contain at least two nitro-groups ; the 
other groups can be any of those given in (i)— but not hydrogen— 
and (il). Thus 2:2'-difluoro-6:6'-diiiitrDdiphenyl, III, is resolvable, 
and cannot bo racetnised, 



ni 


In addition to the sire of the groups in the offiko-positions, the 
nature and position of other substituent groups also play a part 
in the rate of raccmlsatkm, e.g., the rate of racemisation of IV is 
much slower than that of V (Adams d oL, 1032, 1034). Thus the 



IV V 


nitro-group in position 3' has a much greater sta bilisin g mfinence 
than in position 6'. The reason for this Is uncertain, but one possible 
explanation is os follows. In VI, the methyl group of the methoryl 
gro u p is probably in the configuration shown. In VH, the nitro- 
group in the 3'-poaition would tend to force the methyl group away, 
the resulting configuration being somewhat as shown in VII ; fa 



STZREOCnEUlSTRV OF DIPHENYL COMPOUNDS 


IGl 



this condition there would be greater interference bctwTcn the 
methoxyl group and the two groups in the other benzene ring. 

If racemisation of diphenyl compounds is purely a physical 
pbenomeDon (as has bem desexibed above), then one ^-ould not 
expect the velocity of racemisation to be affected by catalysts. 
Crawford d el. (1064), however, have suggested that the racemi- 
fatkm would be facilitated by the presence of activating groups, c.§., 
the amino-group, especially in the ^>artf-positions. When the 
benzene ring Is attacked by electrophilic reagents, the attacked 
carbon atom changes from the trigonal state of hybridisation to 
the tetrahedral state to form the transition state (Wheland, 1042 ; 
Me also VoL I, Ql XX). e.g., 



In a diphenyl compound containing a j^-amino-group, hi the presence 
of add, the molecule Nvill also assume the transition state, VIII, 


n,N^ — 

VIII 

^ in this configuration rotation about the intcrannular bond is 
fioUtated, thereby leading to racemisation, 

55 . Evidence for the obstacle theory. Evidence for the 
wtade theory*, ix„ interference of groups, amounts to proving 
the two benzene rings In optically active diphenji compovmds 
^ not coplanar. A direct chemical proof for the non-copbnar 
was given by Mdsenheuner of. (1027). The method 
to unite the “ obstacle groups ” In optically active diphenyl 
^pounds, thereby forming five- or six-membered rings. Novr 
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such systems arc known to be planar, hence optical activity 
should disappear ; this vms found to be so in practice, Mehen- 
hefaner started with 2:2'-diaimno-6:0'-<limethyldlphenyh rescdved 
it and then carried out the following rcactious on one of the 
enantiomoiTdis : 



optically activa 
form 


opilttlly active 




optically inactive 


HOjCH^NH-CO-CHj 
CHyCO-NHjf^COiFI 
optically active 


In all the optically active compounds, the rings cannot be co ph n ar , 
since if th^ were, the molecula would possess a centre or plane of 
sytmnctrys If the dflactam, however, is «crf planar, then ft would 
possess no elements of symmetry, and consequently would be 
optically active. If the dilactam ia planar, then It has a centre of 
synnnetry, and consequently cann^ be optically active. Thii 
comp o un d was, in fact, not optically active, so most be planar. 

Farther evidence lor the non-coplanar configuration of optically 
active d^enyl c omp o u nds has been obtained from physico- 
chemical studies. The ultraviolet ab so rption, spectrum of diphenyl 
in the cryBtalline state Is different from that of. benzene. 'Ihh 
difference con be explained on the basis that diphenyl is a resonance 
hybrid, some of the contributing resonatmg structures of which 
arc not possible m benzene itself, s-g., in. Thus the interajmular 
bond w31 possess some partial double bond character, and'conse^ 
quently the^moleculc will be planar. The pr e se nce of vthis partial 
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0 - 0 “^^ 

I II 



III 


double bond Is supported by the fact that the distance between the 
two rings Is 1*48 A ; the C-— C bond is 1*54 and the C=C bond 
1’33 A (see VoL I, Ch. XX). When the oriAo-positions are occupied 
as in, for example, dimesityl, IV, the two rings cannot become 



tv V 


coplanar because of steric inhibition of resonance. Thus the 
resonating stractores of IV \rill be the same as those of mesitylene, 
V, both of these being ^ilar to the resonating s tructures of benicne. 
Pichett cl al. (1036) have shown that the ultraviolet absorption 
spectra of IV and V are the same, and totally diffexent from the 
ultraviolet absorption spectrum of dipbenyL 
X-ray analysis and ultraviolet absorption measurements 8ho>v 
that the diphenyl molecule is planar in the aysiallins state. Elec- 
tron diflra^on studies of the vapour 8bo^v that the two rings are 
Inclined to each other at approxiinatcly 46*. Also, ultraviolet 
absorption and dipole measurements of ^phenyl in solution show 
that the two rings are not coplanar. It 1^ bmi suggested that 
in any physical state other than the crystalline, the steric repulsion 
betw^ the 2-.2^-hydrogcn atoms tends to make the molecule non- 
in opposition to the planar configuration doc to resonance. 

16. STEREOCHEMISTRY OP THE ALLEGES 
AUenes are compounds w’bich have the general structure I. 

a£C=C=Gi* a4C=C=Ca6 

I II 

^**iuinaUon of the space formula of compounds of this shows 
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that the molecole and its mirror image are not sapcrfanposablfi. 
The modem way of writing I is shown in Fig. 2, The two end 
carbon atoms are in a state of trigonal hybridisation, and the 
centre carbon atom is fa the digonaJ state. Tbns the centre 
carbon atom forms two Ji-bonds which are pcrpcndicniar to e f^rh 
other ; fa Fxg. S the ;r,‘bond is perpendicular to the plane of the 


Fio. 8.1. 

paper, and the ;r,'bond is In the plane of the paper. In the trigonal 
state, the n-bond is perpendicular to the plane containing the three 
a-bonds (see VoL I, Ch. II) ; consequently the groups a and b lie 
fa the plane of the paper, and the groups d and » fa the plane 
perpendicular to the plane of the paper. This molecule does not 
possess a plane or centre of synurwit^ ; this is also true for molecule 
II. Thus t and II will be resolvable. 

The resolvability of allenea was predicted by van’t Hofi in 1875, 
but experimental vwiQcalfaa was not obtained until 1I>35, when 
Mills and Maitland carried out a catatytic asymmetric dehydration 
on flLy-dl-l-naphthjd-acy-diphenylallyi alcohoh m, to give the 




dfaaphthyldiphenyiallene, IV. When the del^'dration ^vas carried 
out with an optically inactive dehydrating catalyst, #.g-. ^oluene- 
snlphonlc add, the racemic modification of the allene derivative 
was obtained- When, h owever , the alcohol Ht was boiled with a 
one per cent, benrene solution of (-t-)-cainphorTOlpboaic add, a 
dextrorotatory allene was obtained. Similarly, (— )-camidKir- 
sulfdionic add gave a Ircvorotatoiy allene. 

The first successful radution of an allene derivative was carried 
out by Kohler et td., also in 1936. Lapworth and Wechsler (1910) 
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c,n. (Vr. c,ir. c,h, 

^C ~ C ^0- — 0 — “ C 

'^CO-OCHj-COxH 

V VI 

prepared y-l-naphthyl-fCy-diphenylalJene-a-carbaxylic add, V, but 
fafl^ to resolve it ; they were unable to crystallise the salts with 
active bases. Kohler converted this add into the glycoUic add 
ester, VI, and was then able to resolve VI by means of brndne. 
Although allenes were not soccessfnlty resolved until 1936, com- 
pounds with a similar configuration were resolved as early as 1909. 
In this year. Pope ef al. resolved l-methyirydbIis^hdene-4-acetic 

OB^ . 

^CO,H 

VII 

add, Vn ; in this compound one of the double bonds of allene has 
been replaced by a six-mcmbered ring, and the general shape of the 
aHoie moleaile is retained. 

It is interesting to note, in connection with allenes, that the anti- 
biotic mycomycin has bera shown to contain the allene group in g. 
Mycomj^in is optically active, and is the only known natural 
compound which owes its optual activity to the presence of this 
grouping. Celmer and Solomons (1963) have shown that the 
structure of mycomycin is 

CH^*teCCH=C=CH-CH^H*CH=CH-CH,<X),H 


17. STEREOCHEMISTRY OF THE SPIRANS 


If both double bonds In alien© are replaced by ring systems, the 
resulting molecules are spirans. One method of naming spirans 
obtains the root nam^ from the number of carbon atoms in the 
; this is then prefixed by the term ** spiro ”, and followed 
by numbers plgi^ in square brackets which indicate the number of 
atoms joined to the ” Junction ” carbon atom. The posi- 
tious of substituents are indited by numbers, the numbering 


J /C:n »cll, ^OH, 

Clir NjH, ■ "^CHCr ^CH,-CHr 


I 


II 
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begfaming with the smalUr ring and ending cm the jnncticm carbon 
atom ; I is 8piio~[2:2}-pentane, II is l-chbrospho-[6:3]-nonane. 

Examination of thes« formulae shows that the t^ rings are- 
perpendicular to each other, and hence suitable substitution will 
produce molecules with no elements of symmetry, thereby giving 
rise to optically active forms, e,g., MilU and Nodder (1020, 1921) 
resolved the dilactono of baixophenone-22':4:4'-tetracaiboxylic 



ni IV 

add, HL In this molecule the two shaded portions are perpcodi- 
eniflf to each other, and consequently there are no elements of 
symmetry. When this compound is treated with sodium hydroxide, 
the lactone rings are opened to form IV, and the optical rotation 
disappears. 

BOesekcn ct al. (1028) condensed pcnta'^rythiitol with pyruvic 
add and obtained the xpiro-compound V, which they resolved. 
Some other spiro-compounds that have been resolved are the sptro- 

2CH3-COCO,H + C(OH,OH)* — ► 

CH^ ^0-CB,^ ^0H,-O^ ^CO,H 

V 

heptane, VI (Backer et oi., 1028, 1029), the spiro-hydantoin, VU 
(Pope and Whitworth, 1031), and the spiroheptane, VIII (Jansen 
and Pope, 1932). 

In all the so far discussed, the optical activity of the spiran 
is due to the asymmetry of the molecule as a whole ; thus there is 
only one pair of enantiotuorphs. If a spiro-compound also contains 
asymmetric carbon atoms, then the nmuber of optically active forms 
is increased (above two), the actual number dependmg on the co^ 
pound in question, «.g., Sutter and Wijtman (1935) prepared the 
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HO,c ,CH, /CH, » 

^CO,H 

VI 


co-Nir^ ^ 

VII 


NH- (jO 
CO~NH 


NH. ^CH,. /CH,. 

^CH,^ ^CIl, ^NH, 

VIII 

spiro-compound IX, which contains two similar asymmetric carbon 
atoms {•). If we imagine the left-hand ring of IX to be horixontal, 
then the right-hand ring will be vertical ; and if we represent them 


H 

CHj-il-CH, CH, 

I '^CC' I 

CO — ^0 CO 

rx 


y 

C^-OH, 



by bold horirontal and vertical lines, respectively, then there are 
three different geometrical isorocre possible, X, XI and XU {this 
can be readily demonstrated by means of models). Each of these 
geotnetrical isomers has no dements of symmetry, and so each can 
odst as a pair of enantiomorphs. Three racemic modiheations were 
actually isolated by Sutter and Wijkman, but were not resolved. 
Cram d al, (1954) have also prepared the following three spiro 
[4;'^ nonanediols (as racemates) : 


^ OH 

E><3 E>0 [IXD 

UO BO 


Various spira-compotmds have been prepared in which the spiro- 
atom is nitn^en (52a. VI),pbosphorns (^b. VT), or arsenic (§4a. VI). 
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CHAPTER VI 


STEREOCHEMISTRY OF SOME ELEMENTS OTHER 
THAN CARBON 

51. Hybridisation of orbitals. Many elements otlier than 
carbon form compounds ’wbich exhibit optical isomerism. Since 
the cTTterion for optical activity must be satisfied, vix., the molecule 
nnist not be superimposable on iU mirror image, it therefore follows 
that the configurations of the various molecules can never be planar. 
A given " central ” atom may have difierent configuration* accord- 
ing to the valency that atom exhibits ; the following table show* 
a number of common hybridisations. 


Number 

OrbKul. 

G«ometrica] 


of hemdj 

tned 

ammgetDeat 

S 

tp tjt ip 

Lioo*r 



P' 

Aafolar 

H,0. H,S 

> 

tp* 

Trixoaal pUne 

>C=C<. BO, 

NH». PH^ AaH, 


P* 

TriKOoal pTmoid 


tp* 

T«fr*bedral 

CH*. NHJ*Cr. SoQ. 
pta4= 

4 

6 

iip* 

dip* 

Sqatfv planar 
Trliom*l bipyramid 

6 

d*ip* 

Octabedrml 

sFm Pta,= 


A knowledge of the shape of a given molecule may be used to 
dednee the nature of the orbitals that have been ns^ in the for- 
matiem of the bonds in that molecule. On the other hand, it has 
been possible to deduce the shapes of simple molecule* from a 
knowledge of the orbitals that are used to form the bonds. 

P. STEREOCHEMISTRY OF NITROGEN COMPOUNDS 

According to the electronic theory of valency, nitrogen can be 
tercovalent or quadricovalent unielectrovalent ; in both of these 
•^^tes nitrogen, as the “ central " atom, can exhibit optical activity. 

Pa. Onatemary ammonlom salts. Originally, the valency 
of nitrogen in quaternary ammonium salts was believed to be 
^oinquevalent ; later, however, it was shown that one valency 
different from the other four. Thus, uring the formula, 
[Naie(i]+X“, for quaternary ammonium salt*, and assuming that 
lOd 
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the charge on the nitrogen atom has no effect on the configuration 
of the cation, the cation may be considered as a five-point syjitm 
similar to that of carbon in compounds of the type Caids. This 
simiiarity is based on the assumption that the four vakncia in 
the ammonium ion are equivalent, and this assumption is well 
substantiated experimentally and also theoretically. Hence there 
are three possible configurations for the cation [Naiicii]+, I, U 



in m 


and in (c/. §3a. IT). If the cation is planar (I), then it would not 
be resolvable ; it would be resolvable, however, if the configura- 
tion is pyrainida! (IT) or tetrahedral (III). Le Bel (1891) dairoed 
to have partially resolved Mobutylethyiinethylpropylaiimwnium 
chloride, IV, by means of Ptnictllium glaucwn {cj, flO iil II), but 


OH, 

CH, OH, CHr-N-CH,OH(CH,),j CT 
IV 


later work apparently showed this was wrong. The first definite 
resolution of a quaternary ammonium salt was that of Pope and 
Peachey (1899), who resolved alfylbenzylmethylpbcnyiammoniuin 
iodide, V, by means of (-f)-bromocainphOTTOlphonlc add. This 

OH, *]■*■ 

CH,=CH-CHf-N— Cir,C,H, I" 

C|H, 

V 

was the first of optical activity due to a " central " atom 
other than carbon. This resolution was then followed by the work 
of Jones (1905), who resolved bcmylethylmethyiphenylanunoniuni 
iodide. Thus the ammonium ion cannot be p l a nar , but must be 
either or tetrahedral, Bischoff (1890) had proposed a 

pyramidal structure, and this configuration was supported by 
Jones (1905) and Jones and Dunlop (1912). On the other band. 
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WemfiT (1911) bad suggested the tetrahedral configuration, and this 
was supported by Neagi (1019) and Mills and Warren (1926). It 
was, however. Mills and Warren who gave the most conclusive 
evidence that the configuration is tetrahedral. Their evidence 
is based on the following argnmenti Compounds of the type 
flW>=C=Ctf6 are resolvable since carbon is ''tetrahedral'’ (see 
aflenes, §6. V), and if nitrogen is also "tetrahedral then the 
compound aiC=N=Cai shonld bo resolvable, but will not be 
resolvable if the nitrogen is pyramidaL Mills and Warren prepared 
4-carbethoxy-4'-^henyIbispiperidiniura-l.T'-spiran bromide, and re- 
solved it If the configuration of this molecule is VI, i.e., a 
spiran, then it possesses no elements of symmetry, and hence will 
be resolvable ; if the configuration is VTI (i.e., pyramidal), then It 

H CH,— CH, CH,-CH. S 
/CQ N. Br‘ 

C,H, ^CH|— CHr CH,-CHr ^CO,C,H, 

VI 



vn 


^ possess a vertical plane of symmetry, and hence will be optically 
inactive. Since the compound was resolved, the configuration must 
^ tetrahedral, i.e., VI. This tetrahedral configuration has been 
®Bfamed by physico-chemical studies (see 52h). More recently, 
Han^ and Rydon (1945) have ahown that the diquaternary salts 
of dimethylpiperazme exhibit geometrical isomerism, and this is 
explained on the tetrahedral configuration of the four 
valendes (cf. cydchexase, §11. IV). 


? ^CHr-CH 


>1 


R r 


I 

CHj 


as 


R 

K 

CH, 


.CHr-CH, 

I 

"CHrOH,'^ ' 


2Br" 


rroni 
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It has already been mentioned (§6. II) that McCMland and 
Proskow (1066) prepared a spiro-nitrogen compound -which contained 
no plane or centre of symmetry, but -was nevertheJess optkally 
inactive because it contained an alternating ft-nft of symmetry. 
We shall now ejcamine this comperand {VIII ; is the ^tohiene- 
snlphonate fem) in more detalL This molecule can exist in four 


^ It- 

(+) H (+) H 

” dt-oj ds-tnaa 


DC 


X . 


(+) c-> 

inmx’trtms 


WSQ 

rroJis^tram 


XI xn 

dlastereoisoraeric forms, three active and one mao. AH four have 
been prepared, and are depleted as shown in DC, X, XI end XIL 
The ccr-axis of each tpiran is assumed to be perpendicular to the 
plane of the paper, and the interseclmg line* r e p r ese nt the two rings. 
The short appendsiges show -whether the two substituents (methyl) 
are c« or irtm*. 'Ihe ting nearer the observer's eye is indicated by 
the heavy line, and a uniform orientation has htoa adopted : the 
front ring is always vertical, and the back horizontal ring with at 
least one substitumt directed upwards and the cis ring placed at 
the back in the case of the ci*/trant ring combination. 

Raceanisation of optically at^ve quateroaiy airanoniam salt* is 
far more readily effected than that of carbon compounds contain- 
ing an asymmetric carbon atom, i.e„ compounds of the type Cabdf. 
The mechanism of the racemisation of the ammonium salts is 
believed to ffltfw place by dissociation into the ornfaw, which then 
r^)idly racemises (52c) : 

Noic + dX 

Recombination of the racemised nmine with rfX results fa the 
racctniiation of the quaternary compound (see §<»)• 



52b] STEREOCHEinSTRY OF ELEMENTS OT HER THAN CARBON 173 

Pb. Tertiary amine oxides. In tertiary amine oxides, 
flicNO, the nitrogen atom is joined to fonr diSerent groups, and 
on the basis that the configuration is tetrahedral, such compounds 
shonld be resolvable. In 1908, Meisenhedmer resolved ethyimethyl- 
phenyiamine oxide, I, and this was then followed by the resolution 
of other amine oxides, e.g., ethylmethjd-l-naphthylamine oxide, II, 
•nd kairoline oxide, IIL 


CHj 

I 

c,lir-N-^ 

C,H, 

1 



The evidence in favour of the structure TV as opposed to that 
of V is based on dipole moment measurements and on the fact that 
aich compounds can bo resolved. It should be noted that the 


R,N-*-0 or RjN— O RjN=0 

IV V 

pyramidal structure would also account for the optical activity of 
these compounds as well as the tetrahedral Consequently these 
o:®ipounds caimot be used as a criterion for the pyramidal or 
tetrahedral configuration of the nitrogen atom. However, by 
^iislogy with the quaternary ammonium salts, the configuration 
of amine oxides may be accepted as tetrahedral Further evidence 
for this is as follows. The electronic configuration of nitrogen is 
(lr*)(2j*)(2p*). For nitrogen to be quinquevalent, the ” valence 
*tate” urill be derived from the arrangement (lr*){2j)(2^(3s). 
Now the amount of energy required to promote an elect^ from 
^ 2j to a £U orbital appears to be too large for it to occur, and 
'^“soqocntly nitrogen is (apparently) never quinquevalent The 
state of nitrogen is thus achieved by the loss of one 2s 
riectron and then hybridisation of the 2i and 2^ orbitals, 

becomes quadricovalent unlelcctrovalent, and the four 
™*ids (r^ bonds) are arranged tetrahedrally. The charged nitrogen 
ppn is isoelectronic with carbon, and so one can expect the forma- 
of tiinilar bonds. Furthermore, evidence obtained by an 
P®imnatkm of the vibration frequencies of the ammonium ion 
“^Icatea that the configuration of this ion is tetrahedral 
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Recently, Bennett and Glynn (1050) have obtained two geo- 
metrical isomers of l:4-diphenylp!perarine dkedde; thb is readSy 
explained on the tettahedral condgmation of nitrogen jOa). ■ 


CH, 

+^s3H,-cnr + 

o 0 


CIS 


KcH.-CHr? 

0 C,H, 

trots 


{2c* Amines. If the tertiary anune nwIccnJe, l^aic, is pisasr, 
it vrill be sopcrlmposable oo its mirror inia^, and tbaEfare cannot 
be optically active, AIJ attempts to obtain tertiary amines in 
opticftiiy activo fonas iiavo £ii/ed up to the present time, 
Kipping and Salway (lOOt) treated secondary amines, R-NH'R', 
wi^ (i)-bcnryline^lacctyl chloride ; if the three valencies oi 
the nitro^ atom are not planar, then the base >rill be a racemic 
modification, and on reaction with the arid chloride, the foUowing 
four substituted amides should bo fanned ; B+A^, B+A-, 

B_A+, a mixture of two pairs of eaiantiomorpha. Experiment* 
carried out with, methyianllme and beotyianQme gave hotso* 
geneoits prodocts. ifrisgnheimer d <d. (1PS4) attempted to resolve 
h^-phcnyl-^f-^toIyUnthranilic aeid, I, and also fail^ In view of 



I 


these failures, it would thus appear that the teitiaiy amine molecule 
is planar. Physico-chemical methods, d^le moment messure- 
ments, infra-red absorption ipectra studies, etc., have, however, 
Shown conclusively that the configuration of ammemia and of 
tertiary amines is tetrahedral. Thus ammonia has been shown 
to have a dipole moment of 1'6D ; had the molecale been planar, 
the dipole moment would have been xero. Furthermore, the 
nitrogen valency angles in, Ag., trimethylaniioo 2>av© been found 
to bo 108®, th^Tn flgnip showing that the amino molecnlo is not 
planar. Why, then, cannot tertiary amines be resolved ? Is it a 
question of expoimental technique, or is there something inhereo^ 
in the tertiary amino molecule that makes it impossible to bo 
resolved ? Mejaenhehner (19S4) explained the faihiro to resolve as 
follows. In the tertiary amine moleraile, the nitrogen atom oscfllatei 
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rapidly at right angles above and below the plane containing the 
groups a, b and c (see Fig. 1) ; II and III axe the two extreme 



n in IV 


Flo. fl.l. 

fonns, and they are mirror images and not snperimposable (TV is 
III " turned over ”, and it can be seen that IV is the mirror image 
of n). Thus this oscillation brings about very rapid optical inver- 
rion. This oscillation theory is supported by evidence obtained 
from the absorption spectrum of ammonia (Barker, 1929 ; Badger, 
1030), and the frequency of the oscillation (and therefore the 
inveraion) has been (Collated to be 2*3 X 10^® per second (Qecton 
ei <U.. 10S4). 

In the foregoing explanation for the racemisation of amines, it 
has been assumed that the nitrogen valency angles and the bond 
lengths change. This inversion of amines, however, is better 
represented as an ” umbrella ” switch of bonds, ».e., the bond 
lengths remain unaltered and only the nitrogen valency angles 
efrange. This interpretation is more in keeping with the fa^, 
ns the gr o ups a, b and c increase in vpeight, the frequency of 
the inversion of the molecule decreases. 

Theoretical calculations have shown that an optically active 
^^®®pound wfll not racemise spontaneously provided that the energy 
of activation for the change of one enantiomorph into the other is 
greater than 12-16 kg.caL/molo. The two forms, II and HI, have 
froen shown to be separated by an energy barrier of about 6 kg.caL /- 
roole, and consequently the two forms are readily mterccmvcrtible. 

It has already bean mentioned {§2b) that the electronic con- 
juration of the n i tre^en atom is {1**){2 j*)( 2/>*). Accxmiing to 
^^°rrd'8 mie, electrons tend to avoid befr^ in the same orbftal as 
^ 8s possible (see VoL I, Ch. II). Thus, in ammonia and its 
‘^^rvatives, bonds are formed by pairing with the three single 
wbitals 2p^ and 2p^ Since these are mutually at right angles, 
fh« cottfiguiation of the arnmnnift moleculc will be a trigemai 
pyramid, a pyramid with a triangular base, with the nitrogen 
tituated at one comer. OsdUation of the nitrogen atom 
about inversion in the tertiary amines, Na4c. This picture 
the configuration of the ammonia molecule, however, requires 
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modification. The valency angles in ammonia have been sbown 
to be approximately 107^. The deviation from the vako of 00* 
(on the aasmnption that the bonds are pure 2p orbitals) is too 
great to be accounted for by repulsion between the hydrogen atoms. 
One explanation that has been offered is that the lone pair is not 
pure (2j*), but that " mixing ” of them with the 2p electrons causes 
the bonds to open (see §13. 1). This means that the nitrc^en atom 
in fercovalent compounds has tetrahediul hybridisation, one orbital 
containing a lone pair of electrons (which have some ^-character), 
and the other three orbitals one electron each. Thus the valency 
angles would be about 109-6* (c/. carbon, §4* H). As we have seen 
above, the valency angles in ammonia are 107®, and according to 
Mellish d al. (1954) this amaller value is doe to the lone pair of 
electrons occupying a larger volume than the electrons of the 
N — H bonds, thus forcing the latter together to give an H — N— H 
angle less than the tetrahedral value. 

In view of what has been said above, it appears that tertiary 
amines of the type Nd6c win never be resolved. Now, Kincaid 
and Henriques (1940), on the basis of calculations of tie energy 
of activation required for the inversion of the amine molecule, 
arrived at the condoskm that tertiary amines axe incapable of 
resolution because of the ease of racendsation, but if the nitrogen 
atom formed a part of a ring ^^em, then the compound would 
be euffidently optically stable to be isolated. This jaediction was 
confinned by IWog and Wieland (1944), who resolved TrOgeris 



base, V, by chromatographic adsorption on Jn-lactxjsc (^. §10 vi, 11). 

In this compound, the n itr ogen is tcrvalent, but the frequency of 
oscillation has been brought to rero by having the three valencies 
of nitrogen as part of the ring system. 

§2d. Oxlmea. In 1883, Goldschmidt found that bcnal diuiime, 
C^H,*q=‘NOH)'C(-NOH)*C,H*, could be converted into an 
isomeric form by boiling it in cthanoUc solutian ; and then, in 
1889, Meyer ei ak isolated a third isomer of this compound. Beck- 
mann, also in 1889, found that bcnzaldoxime existed in two isomeric 
forms, and from that time many aromatic oxim es were shown to 
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exist in two isomeric forms. The existence of isomerism in aromatic 
oximes was first eaqilained by structural isomerism, two of the 
following fonr structures corresponding to the two isomers {where 
R is an alkyl or an aryl group) ; H is the inodem way of writing 


Ajv. 

1 

Y 

Ar^ 

I'-H 

I 

^OH 

oxime 

nitrone 



I 

II 

lU 

rv 


the nitrone structure (originally, H was written with quinquevalent 
nitrogen, the nitrogen being linked to the oxygen by a double 
bond). Hantisch and Werner (1890), however, suggested that the 
jwmerism of the oximes was geometrical and not structural. 
According to these authors, nitrogen is tervalent (in cadmes), and 
is ittuated at one comer of a tetrahedron with its three valencies 
directed towards the other three comera ; consequently the three 
^^Blendes are not coplanar {cf. tertiary amines). These anthors also 
assumed that there is no tree rotation about the C*sN double 
bond {cf. §2. IV), and therefore proposed configurations V and VI 
for the two Isomera : 




IS 

II 

V 

VI 


facts are in favour of geometrical Isomerism, e.g., 

(i) li Ar*R, then isomerism disappears. 

® in and rv would bo optical^ active ; this is not found to 
be 10 in practice. 

(3) Ai^rption sp)ectra measurements show that the two isomers 
bive idmtkal structures. 

As pointed out above, Hantzscb and Wemer chose structure I 
*^the formula for the oximes, but examination of II shows that 
^ would also satisfy the requirements for geometrical isomeris m ; 
*^^turo I was chosen because oximes were known to contain the 
^Ci^NOH. Later work, however, has shown that the 
problem Is not so simple os this ; methylation of an oxime (with 
Sulphate) usually pjroduces a mixture of two compKrands, 
^ of which is the 0-methyl ether, VII, and the other the W-methyl 
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^pc=NOOHi 


VII 


Ar. ^Oll) 

R'^ ■ ^0 

VIII 


other, VIII. These two are readily distinguished by the fact that 
on hea^ with hydriodic add, VII gives methyl iodide, whereas 
Vm gives mcthylaminc. Thus, Semper and lichtcnstadt (1018) 
obtoined/our methyl derivatives of phenyl ^tolyi ketoximo, IX-XII. 


p-CH,C,Hw ^C,H» 


11 

n 

Nn. 

^OCH, 

cUiCr 

rx 

X 


p-CH, C,JI^ 




CH^ ^0 
XI 


p-ClTjCiH^v. 


0-*^ ^CIlj 

xn 


On treatment with concentrated hydriodic add, two of these com- 
pounds gave methyl Iodide, and therefore correspond to the ^methyl 
derivatives, IX and X ; the other two compounds gave methyl- 
amine, and therefore correspond to the N-methyi derivatives, XI 
and XIL Thus it appears that oximes can exist in forma I and IL 
Brady (1916) conside^ that oximes in solution are a tautomeric 
mixt^ of I and II (oxt'mi'n<vniiro?w diati tysUm). Ultraviolet 
absorption spectra studies show that the spectra of the oximes 
are the same as those of the 0-methyl ethers, whereas those of 
the N-methyl ethers are enthnly different Hence, if oximes are 
tautomeric mixtures of I and H, the equilibrium must lie almost 
completely on the oxime side, f>., . - 


Arv^ 


0^" 

w 


I "M< II 

BO^ 



> 


It is possible, however, that none of the nitrone form is present, 
but its methyl derivative is formed during the process of methjjda^n. 
If we assume that methjd sulphate provides methyl carbonium ions, 
then it is possible tHat these ions attack the nltrt^en atom (with 
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it» lone pair) or the oxygen atom (with Ha two lone pairs). This 
TOold result in the formation of the N- and O-methyl ethers, 
witbout having to postulate the existence of the oximino-nltrone 
tautomeric system. 

CH/?)-S 05 - 00 H, — ^OHj+TO-SO,-CXm, 



OH, 


, ^ ^ foregoing account, the geometrical isomerism of the crimes 
h based on the assumption that the nitrogen atom, in the orimino- 
fonn. exhibits the trigonal pyramidal configuration. Further proof 
for this configuration is obtained from the examination oI the 
®6ne of tfyrfoheianone-4-carborylic add (XIITa or 6) . If the three 


■ 11^ on 

IlOjC-^^^CHr-CHr^ 


n ^CHrCH, 

/OC ':c=N~OH 

HO,C^ 


Xllla 


XIHd 


are non-planar the N — 0 bond is not coUincar 

II double bond), the configuration is Xllla, and it 

^f^refore be optically active. If, however, the three nitrogen 
coplanar and S3nnmetrically placed, then the con- 
“pnauon rrill bo Xllli, and this will not be optically active, since 
Possesses a plane of symmetry. Mills and Bain (1010) prepared 
^^caime and resolved it ; hence its configuration must be XHlfl. 
readily explained on the modem theory of valency. The 
of 3-covaIcnt nitre^en are the three 2p orbitals 
If the 2p^ orbital of the nitn^en atom forms a a bond 
farriJ^ ®f bonds of thc,carbon atom, and if the 2/>, orbital 

then orbital of the carbon atom, 

group is bonded with the 2p^ orbital of the nitrogen 
^ and consequently lies along a line (approxiinately) pcipen- 
to the direction of the *' double *' ^nd. 
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S2e. Nomenclature of the oximes. In oxime chemistry the 
terms syn and anti are used instead of the terms cis and irons. 
When dealing with nldoximes, the ryn-form is the one in which 
both the hydrogen atom and the hydroxyl group are on the same 
side ; when these groups are on opposhe sides, the configuration is 


B 


I 

syn 




n ID 

anh 


anii. Thus I is tyn- and n is an/»-bentaldoxime. With kctcadmcs, 
th« prefix indicate! the apatiai relatlonahip between the groap 
nam^ and thel^'droxyl group {cf. $4, IV). Thus m may be named 
as ^-^tolyl phenyl ketojdme or on/i-phonyl ^tolyl ketoxime. 


§2!. Determlnatloa of the configuration of aldoxlmes. As 
we have seen, aromatic aldoximes can be obtained in two geo- 
metrical isomeric forms, the syn end the anti. Aliphatic aldoximes, 
however, ai 5 >car to occur in one form only, and this is, qjparentty, 
the anii-iotau The problem, then, with aromatic aldoximes, is to 
assign configurations to the stertoisomeric fortes. The two forms 
(of a given aldoxime) resemble each other in many ways, but difisr 
very much In the behaviour of their acetyl denvatives towards 
aqueous sodium carbonate. The acetyl derivative of one isomer 
regenerates the aldoxime ; this form is known as the ee-isomer. 
The other isomer, however, eliminates a molecule of acetic add 
to form an aryl cyanide ; this form is known as the ^isomer. 
Hantxadi and Werner (1890) suggested that the ^fonn readily 
eliminates acetic add bcCTUse the hydrogen atom and the acetoxy- 
group are close together, irS., the ^45omer is the !y»-form ; thus : 


g 

N~0'C0'CHj 


WitCO« 


Ar 

c + CH,-CO,H 

I 

N 


Ar^^H 




K«,CO» 


CHj-CO,H 
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Scch a view, however, is contrary to many experimental results 
[cf. 56 xi. rV) ; e^., Brady and Bishop (1925) found that only 
one of the two isomers of 2-^oro-5*nitrobenxaldoxime readily gave 
ring closure on treatment with sodium hydroxide. It therefore 
follows that this form it the an/i-isomer {cf. method of cyclisation, 
§6 L rV). It was also found that it was this isomer that gave the 
cyanide on treatment with acetic anhydride followed by aqueous 
todlum carbonate. Thus an/t'elimination must have occ urr ed, i.e., 
the fi-isama is the anii-(orm and not the syn. These reactions may 
be formulated as follows : 



Actually, the ring compound produced, the 6 -nitrobcn 2 i*o-oxazole, 
b unstable, and rearranges to nitrosalicylic nitrile. 




182 ORGANIC CHHUIST RY [CH. 71 

In a shnilar mariner. Melaenhdmer {1&32) found that of the two 
iaomeric 2:&-dichlon>-5-nitrobentaIdoximcs, it was the oa/f-lsomer 
that gave ring closure, and was also the one that gave the cyanide. 
Hence, if an/t-elimination is used as the criterion for these reactions, 
the configurations of the lyn- and an^fonns can be determined. 
It might be noted here, in passing, that since the syn form was 
originally believed to form tte cyanide, the configurations of the 
isomen in the literature up to 1926 (O., before Brady's work) are 
the reverse of those accepted now. 

§2g. Determlnatloa of the ranfignratlon of ketoximet. 
The configuration* of ketojdmes have been mainly determined by 
means of the Beckmann rearrangement (1886). Aromatic 
ketorimes, ix., kctoximes containing at least erne aromatic group, 
occur in two forms ; aliphatic ketoadmes appear to occur in one 
form only. When treated with certain acidic reagents such as 
Sulphuric add, add chlorides, add anhydrides, phosphorus penta- 
chkride, etc., ketoiimes undergo a molecular reairangcment, result- 
ing in the formation of on add amide : 



C«NOH -► ArCONH'Ar 



This rearrangement is known as the BtcJmann rearrangettuni or 
Bcdtmann transformation. The best method is to treat an ethereal 
solution of the oxime with pho^homs pentachloride at a tempera- 
ture behnv — 20^. On the other hand, Homung d al. (1962) have 
found that a very good method for eSectmg the Beckmann reairange- 
ment is to heat the oxime in polyphosphoric add at 95* to 130*. 

Hantxsch (1891) suggested that the course of the rearrangement 
Indicated the canfiguratkm of the enrime, and assumed that the 
jyn-exchange of groups occurred since they were closer together in 
thU isomer ; thus : 

Ar^ /R Ar^ /OH 

^ i-K NHR 

HOv.p/R 

B 

Ar“N 



Ar-NH 
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This, again, was shown experimentally to be the reverse, t>., it 
is the on/i-reairangement that occors, and not the syn ; e.^., 
Meisenheimer (1921) subjected triphenylwu-oxazole, I, to owmolysis, 
and thereby obtained the bcnxoyl-derivative of nn/f-phenyl beniil 
monoxime, II. This configuration is based on the reasonable 
assumption that the ozonolysis proceeds without any change in 
configuration. Furthermore, the monoxime designated the ^isomer 


Ah. ^ ^ 

0 OCOO.H, 

1 11 


5!li 


. „ -cc,n. 
0 f, 

N O 

N3II 

in 


gave n on bcnzoylation. and so the configuration of the /?-isomer, 
III, is determined, Meisenheimer then subjected this ^xime {i>., 
the on/j'phcnyl oxime) to the Beckmann rearrangement, and 
obtabed the anilide of benzoylfonnic add, IV ; thus the exchange 


C,H»CCO-0,Hs 

^OH 

III 


IV 


of groups must occor in the onh’-position. The configuration of 
the ^raonoxiino. III, Is confirmed by the fact that it may bo 
obtained directly by the oicmolysis of 3;4-dipbcnyb‘*o-oxazolc-fi- 
caiboxyUc add, V (Kohler, 1924). Meisenheimer rt al. (1025) also 


C,H,C CC*H, 

,C CO,H 

^cr 


c,n,ccoc,H. 


Njh 

III 


^^Quonstrated the an/j-rcanangement as follows. The a-oxime of 
2-bromo-5-nitroacetophenonc is utm£fcctcd by sodium hydroxide, 
"hercas the ^-isomer undergoes ring closure to form 3-methyl-5- 
nltrobcniiJ(>-oxai.olc ; thus the ot-oxirac is the O’U’mcthyl isomer 
IT and the /5>oxime the on/t^mcthyl isomer \TI. WTicn treated 
'^th tulphoric acid or phosphorus pcntachloridc, the a-oxime 
^dtTHTnt the Beckmann rcarraDgcmcnt to gi\T the A'-subslituted 
“cetamldc ; thus the exchange occurs in the un/i-posiUons, 
Further evadcncc for the cn/i-cxchange of groups in the Beck- 
rearrangement has been obtained bj’ studying the beha\'iour 
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of compounds exhibiting restricted rotation about a single bond, 
e.g„ Mcdsenhclmer €t d. (1932) prepared the two isomeric oodroe* 
of 2-aoetyl‘2-hydroxjmaphthalcne-3-carboxyIic add, vm and IX* 



vin DC 


and of these two forms only one was resolvable. This resolvable 
Isomer most tberefore be 2X, ^ce asj’mmetrj' duo to restricted 
rotation is possible only with thb form {e/. §3, V). lleisenheiiDcr 
found that the ethyl ester of IX, cm undergoing the Bedanann 
rearrangement, gave the amide ArCO'NH’CH* (where Ar is the 
naphthalene part of the molecule), whereas the ethyl ester of VUI 
gave the amide CH*<X>*NH*Ar. These results are in agreement 
with the onfi'-exchange of groups in each case. 

Thus the evidence fs ell in favour of the ofd-exchaiige of groups 
in the Bedtmazm rearrangcmcDt, and hence by u s in g this principle, 
the Beckmann rearrangement may be used to determine the con- 
hguration of ketoximefi. 

An interesting [application of the Beckmann rearrangement is 
in the foraiatkm * of heterocyclic rings, #.g., when ryefopentanon- 
oxime is subjected to the Beckmann rearrangement, the nitrogen 
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atom enters the ring (thus prododng ring expansion) to form 
2-piperidone. 


CH, CH, 

j I ■ 

CH, CH, 

■ 

loH 


erf, ^cn, 

j j 

'.-OH, 

OH, 


^00 


in 


On the other hand, Hill d al. (1956) have shown that the oximes 
of Borne spiro-ketones undergo abnormal Beckmann rearrangementa 
in the presence of polyphosphoric add, g.g., spiro-[4;4]-nonanone- 
l-oximc gives hydrind-8:9-en-4-one : 



Althon^ aliphatic ketozimea are not known in two isomeric 
.forms, some may produce two products when subjected to the 
.Becldhaim rearrangement, e.g., the oxime of pcntan-2-one gives 
^-Iffopylacetainida and N-methylbutyramide. The reason for this 
a uncertain ; possibly oximes of this type arc actually a mixture 


CH,-CO-NHCH,-CH,-CH, + CH,CH,-CH,'CO-HHCHj 


of the two forms ; or alternatively, they exist in one stable form 
^hich, during the Beckmaim rearrangement, is partially converted 
mto the labile form which then undergoes the rearrangement 
{cf. benzaldoxime, below). 

the majority of ketoximes undergo the Beckmann 
it appears that few aldoximes do so. In an attempt 
to prepare quinoline by the deh 3 rdration of dnnftmaldoxime with 
P^^°*phoru3 pcntoxide, Bamberger and Goldschmidt (1894) actually 
obtained, fwqninoline ; the formation of the latter compound and 
^ the former ra-n only be reasonably explained on the assumption 
t^t'the oiiine first undergoes the Beckmann rearrangement, and 
^ rearranged product tb^ undergoes ring closure to form uo- 
•l^^Iine. Recmtly, Homung -a/. (1962) have shown that 
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Bldoximo can be made to undeiso the Beckmann reamngenioil 
under the influence of polyphosphoric add, ryn-benmldoihne 
gives a mirturo of tormanlllde and beniamide, the latter being 

0,H(-0— H »-0,nj-im-0]I0+ C,H,-CONIl, 

- K 

^OH 


0|H,-C— n 

J* 

HO-^ 

iWfi-laomcr 




produced by the conveniem of the tyn-fonn into the a«/» ; ctnH- 
bemaldoxltne gives beuiamide only. These results are in agree- 
ment with the configurations obtained by other methods (see 5^. 

ph. Mechaoism of the Beckmann rearrangement. The 
medianism of the Beckmann rearrangement Is still not certain ; 
one mechanism favoured by many is that based on the Whitmore 
mechanism, which may bo formulated in the following general 
terms (see also VoL I, Ch. VII) : 


(I) ^ + iz" 

(II) '-XiB^ >-'^X:B; 

(E) ,:zr+*X:fi: -,^:Z:X:B; 

If B a greater electron-affinity than A, the electrons rearrange 
•as in (H), skijl ike eUdron pair fnclttditig alom or group 
vhieh U holds. Then recombination with Z oc cur s to form the 
■rearranged product ZAB (reaction ili). Thus, on this basis, the 
Beckmeum rearrangement may be formulated as foUowi ; 
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The radical that leaves tlie carbon atom is the one on the oppotiU 
side to the hydrojyl group, there is an anhi-exchange of groups, 
and this le^ to the '* inversion " of the configuration of 
nitrogen atom. It is interesting to note in connection with the 
above mechanism that it is in keeping with Beckmann's idea that 
the rearrangement occurred by a direct interchange of groups, the 
reagent ac ting as a catalysL 

The mechanism of the rearrangement, however, is not to simple 
as this. Kuhura (1926) investigated the speed of the reairangemfiait 
of bemophenone oxime under the influence of difierent acid chlorides, 
and arrived at the conclusion that it was not the oxime but the 
acyl derivative or its salt that rearranges. When a strong acid is 
a*ed, then the ester rearranges spontaneously, tg.. 


R,C=KOH + C,H,-SO/U ► R,C=N*OSO,C,H, + Ha 


- 

X>SO,-C^, 


« R*CONH-R + C,H,-SO,a 


if the ester is formed from a weak add, then hydrogen chloride 
be present for the rearrangement to occur, It is the salt 
Gon) that rearranges, e.g., 

RiC=NOH + CH,-COa [R/>=NH-OCO'CHJ+a- 

f- 

a- R-CONH-R + CHj-COa 


NH-R 


XDCC 


■COCH, 


condusions are supported by the work of Chapman (1933- 

The above work Indicates that it is not the oxime itself which 
but some intermediate ; it does not explain, however, 
this intermediate rearranges. Now it has been shown that 
the migrating alkyl group contains an asymmetric carbon 
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atom, there Is no loss of optical activity daring the rearrangement, 
e.g., Kenyon d al. (IWO) have shown that when (+)-a-phenylethyI 
methyl hctoximo is treated with sulphuric add, the prodoct, 
h^-a-phenylcthylacctamide, Is obtained In almost 100 per cent 


C,H,-CH*C-CH, • 

(Li.Ijoh 


► NHCH-CjH, 
CH,-io in. 


optical purity. This indicates that the rearrangement occnrs intra- 
molecularly, since if the alkyl groop separated as a carbanion the 
optical activity would presumably be lost. Furthennore, rinf* the 
oxime itself does not rearrange, but the intermediate does, it seems 
reas on able to conclude that the hj^iroxyl group, as a hydroxyl km, 
cannot separate from the nitrogen atom, wherm the group OY" 
(where Y is some odd radical) can separate readily. Experiments 
^ve shown that benxophenone oxime plcryl ether rearranges more 
rapidty in polar solvente than in non-polar (Chapman, 1934). This 
is strong evidence that the rate-determining step in the rearrange- 
ment is the ionisation of the intermediate. Thus the mechantem 
may be postulated as follows : 



When the reagent used for effecting the rearrangement is a strong 
inorganic add, the mechanism may then be : 



The carbonfum ion may combine with the hydroxyl ion whic^w ^ 
originally eliminated (as water), or with a hydroxyl ion pr ovid^ 
by the solution. Evidence for the latter is afforded by the experi- 
ments of Brodski d al. (1941), who found that when benzophenone 
prime was subjected to the Beckmann reanungwnent in water 
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conUining the isotope the bcnranilide obtained contained some 
of this isotope. 

Pearson d ai. (1956) have shown that the Beckmann rearrange- 
iMnt of acetophenone oxime is stcrically accelerated (JSa, HI) by 
the presence of o-substituents. 

Stephen d al. (1956) have shown that one molecule of phosphorus 
penta chi pride, phosphoryl chloride, thionyl chloride, or bentene- 
dlphonyi chlot^ rearranges two molecnles of the ketoximc to 
yi^ the corresponding amide and imidoyl chloride in approximately 
equimolecular amounts, 

IR^-NOH + Pa,-->- R*CO-NH-R + R<Xn-N-R + POQ, + HQ 
It hai also been shown that hydrogen chloride is essential during 
the rearrangement, but that it does not itsdf cause the rearrange- 
ment of the oxime. On the basis of these results, Stephen d aJ. 
have proposed the following mechanism for the Beckmann rearrange- 
ment of ketoximea. The reagent first produces some add amide 
and imidoyl chloride, and the latter then dehydrates unchanged 
ketoxime to the anhydride which then reacts as shown : 

iR|C«NOH ► (R,O=N—),0 ► [R,C=NH*ON=CR JQ- 

anhydiide anhydride salt 

R-N=CR*0*N=CR,-^ (R-N=CR— },0 
ketoxhne Imidate Imidoyl 

anh>Tlndo 
na 

► R*CCt=N*R + R<X)*NH-R 

It o also suggested that other reagents which effect the Beckmann 
^tanangemeut may function as dehydrating agents for the formation 
of the ketoxime anhydride, 

^Vhen a trau of t^ reagent is used, a large yield of amide is 
obtained. The mechanism is believed to be the same as that given 
^^We, provided that in the initial stage there is sufficient to form 
a trace of the ketoxime anhydride in the presence of hydrt^cn 
^Woride. Rearrangement of the anhydride will now take place as 
^bove with the formation of the imidoyl chloride which can then 
dehydrate ketoxime to anhydride, itself being con\’ertcd into the 

*R|G=N0H + R-Ca=N'R-)- (R,C=N~),0 + R-CO*NH‘R + HD 
*Ihm the yield of increases at the expense of the imidoyl 

chloride, 

Ph Stcreolfomerlsm of some other tcrralent nitrogen 
oompounda containing a double bond. There are several other 
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types of compounds besides the oximes in which the nitrogen atom 
is linked by a double bond. The other atom jolned by this dotihle 
bond may bo a carbon atom (as in the oximes), or another nitrogen 
NOj 

o,ir,.o-COC,H, ■ 

II I 

N-NH-0,H, N-NH-CO-NH, 

I 11 


'^0=N. ^c,n, 




in 

atom, and in both cases stcreoisomcrisrn is possible ; a.g., Kianse 
(1800) obtained two isomeric forms of the phenythydraione of 
o-nitrophcnyiglyoxylic add, I, and Hopper (192t^ isolated two 
Isomers of the monosemicarbaxone of bemdl, n. Mills and Bain 
(1014) resolved in ; this is resolvable because of tha non-planar 
configuration of the three nitrogen valencies (c/. the oximes, pd). 

Many cases of geometrical isomerism are known in which the 
two forms are dne to the presence of a nltrogoHiitrogeQ double 
bond. Examples of this type which have been most extensively 
studied are the diaxcates, IV, the diaxosulphonates, V, and the 
diaxocyanldes, VI (see VoL I, Ql XXTV, for an acconnt of these 
compounda). 


Ar,. 

• 

Ar>. 

Ar>.. 

0 

u 

II 


^OjK 

Nn. 

^ON 

rv 

V 

VI 

^yrt*fonn 

iwri-fonn 

on/Z'fonn 


Axobenzene is also an example of this tyj*, and accord in g to 
Hartley (1938), “ ordinary *' axoben^oie is the unh-fonn. J 


C,H,, 

0,Hi 


N 

II 


^•azobenzene 
m.p. 71*4* . 


■'''N 

nnrf'AzohenzeDe 
m.p. 68’- 
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Aioxybeniene {in which one nitrc^en atom is tercovalent and the 
other qoadricovalent) also exists in two geometrical isomeric forms, 
the anh'-isomer being “ ordinary " azoxybentene. 


n 

OW-aioxy benzene 
m.p. 86* 


I ' 

o-^ ^0,U, 
<Wft-«ioxybenreii 0 
m.p. 36* 


Recently, Le F6vre ri oL (1951) have measured the dipole moments 
and the ultraviolet absorption spectra of a number of triazens, 
and have concluded that these compounds exist in the anU'-con- 
figoration about the nitrogen-nitrogen double bond, ».s., the 
configuration is : 



'^nhr' 


These authors also believe that this on/i-fonn is converted into an 
equilibrium mixture of the artii- and syn-forms when exposed to 

semlight 


J3. STEREOCHEMISTRY OP PHOSPHORUS COMPOUNDS 


^ogen, as we have seen, can exhibit covalendes of 3 and 4 ; 
P*io*F4ionis (and arsenic), however, can exhibit covalendes of 3, 4, 
® and 6, and consequently gives rise to more possible configurations 
fbau nitrogen. 


Tercovalent phosphorus compounds. Since the elec- 
honic configuration of phosphorus is (l**)(2j*)(2^{3s*)(3^, it 
be expected that suitable tercovalent compounds, R,P, could 
^ resolved, since the phosphorus atom would oc cup y one comer 
^ tetrahedron, the configuration wrald be a tri^nal pyramid 
52c). This configuration is to be expected on the b^is that 
tercovalent state, phosphorus uses only the three 3p electrons ; 
a *tipported by the fact that the valency angle in phosphine 
“ *Pproximately 04®, and in trimethylphosphine the angle is 
Ko tertiary phosphines, h em ’e ver , have yet been resolved, 
the reason for this appears to be the same as for tertiary amines, 
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vix., that the phosphorus atom Is in a state. of osdllatJon, CoJ- 
culation has shown that the frequency of this osdilation in phosiAinc 
is 5 X 10* ; this is slower than that of nitn^cn (2-3 x 10^®), and 
if it could bo brought to zero, then tertiary phosphines would be 
resolvable. Increasing tho weight of the groups slows down the 
oscillation in phosphorus compounds, e.g., replacement of the three 
hydrogen atoms by deuterium atoms changes tho frequency to 
0 X 10*. It Boems possible, therefore, that very largo groups 
might produce phosphines whicli would bo resolvable ; and if not 
zero in these compounds, tho oscillation certainly can bo expected 
to bo zero in ring compounds {cf. nitrogen, 52c). Thus, if chemical 
difficulties can bo overcome, tcrcovalent ph^honu compoundi 
would be resolvable (see also §4c). 

.. $3b. Quadrfcovalent (or qafnquevalont] phosphorus com- 
pounds. The earliest phosphorus compounds to bo rcsolvt^ 
were the phosphine oxides, c.g., ifeisenheJmer ct al. (1011) resolved 
othylmcthylphenylphosphine oxide, I, and bcnzylmctbylphcnyl- 
phosphiac oxide, II. Recent measurements of the P—0 (and 
OIIj OIIj 

I ■ I 

o,nr-P-*-o o.H,— p-^o 

CjU, 

I II 

As — 0) bond length indicate that this bond baa aonio double bond 
character ; hence thla bond la possibly beat represented aa a 
resonance hybrid. 

: I 

— p_^0 ► — P=0 

1 I 


Kipping (1011) obtained two optically active forms of tho 
menthyl derivative of /J-napbthylphcnylphosphoramldic acid, III, 
and Davies and Maun ^1044) resolved n-bxitylpheayl-/xaiboxy- 
mothoxyphcnylphosphino sulphide, IV. 

NHd3„HaH 

o,n,o— p p-co,H-oH,O'0,ni-p-*^ 

0'C„n,(s) (!:ii,-cn,djn,'OH, 

III IV 

, Another interesting phoaphoriia compound from tho point of view 

of optical iaomcrfam la ethyl 'trfphcnyhncfhyipyrophoaphonate, V. 
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If the two phosphorus atoms arc asymmetric, then V contains two . 
similar asymmetric carbon atoms, and so its structiiro corresponds 
to the molecule Cabd'Cabd. Thus there will be one racemic modi- 


(0,H,),C— P— O— P— C(C,H,)j 
^ V ° 


ficatkm (composed of the pair of enantiomorphs) and one 
form [cf. J7i II). Hatt (1933) obtained two forms of compound V ; 
both were inactive and so correspond to the racemic modification 
and the mwo-form, but it was not possible to tell which was which. 
Many attempts have been made to resolve quaternary phos- 
phomum compounds, but until recently, all these attempts failed. 
This failure is attributed to the occurrence in solution of a “ dis- 
”, which causes very rapid racemisation 

(see Ha). 

The earlier attempts to resolve phosphonhim compoxmds were 
always carried out on compounds containing at least one alkyl 
poup ; consequently dissociation in solotkm could occur, thereby 
resulting in racemisation. Holliman and Mann (1947) overcame 
this difficulty by preparing a much more stable type of phosphcmlum 
compound ; these workers prepared a salt in which the phocphxJius 
atom was in a ring, vix., 2-phenyl-2-jt^hydroxyphenyl~l:2:3:4-tctra- 
^O'^lreHwphosphinollnmm bromide, VI, and resolved it The 


,CH, 


'CH, 


CH,^'N),lhOH(p) 


of 4-covalent compounds of phosphorus does not provt 
that the phosphorus atom bw a tetrahedral configuration ; it only 
P^ts that phosphorus atom cannot be in 
the some plaite as the other four groups attached 
to It Mann et al. (1955), h ow e ver , have 
sunthesised P-spiro-bis-I:2:3:4-tetiahydro- 
r®*I^unolinhim iodide (VII) and resolved it 
(+)“ and (— )-forms which have high optical 
“hflity. The phosphorus atom is not asym- 
in this compound ; it is the ietrahedral 
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disposition of the four valcndes which produces the dissymmetric 
cation [cf nitrogen, JSa ; see also §4b). 


14. STEREO CHKftnSTRY OP ARSENIC COMPOUNDS 

Arsenic, like phosphoms, can ejthibit covnlendes of 3, 4, 6 and 6 ; 
consequently these two elements show a great similaiTty to each 
other, and differ from nitrogen which has a maximum covalency 
of 4. 


§4a. Qnadricorolent arsenic compoands. The first resold* 
tion of an orsonlum compound was carried out by B ur r ows and 
Turner (1921). These workers obtained a solution of bensylmetbyl- 


l-C:oHr 


OHj 

I 1 + 

-A»— C,H, r 
I J 


I 


r-- 


I 


u 


l-naphthylphenylarsonhim iodide, I, that had a rotation of 4*1^. 
but raoaniscd rapidly fm solution). Simflaily, Kamai (1933) 
isolated the (4-)*fonn of ben^dethyl-l-naphthyl-fi-propylarsonJum 
iodide, IT, which also lacemised rapidly in soluti^ This rapid 
racemisation is believed to be due to a " dissodaticm-eqnilibrfmn ” 
in solution. This explanation was suggested by Pope and Harvey 
(1901) to account for the racemisation of certain ammonium salts, 
but definite evidence for thia theory was provided hy Burrows and 
Turner (1921) in their work on arsonhim salts. If this dissodation- 
equilibrium occurs, then in solution there will be : 

[a6crfA3]+]” ^ abcAs -f SI 

Burrows and Turner showed that when dimethylpbenylarsine is 
treated with ethyl iodide, the expected ethyldimeth^phenylaraonium 


CHj 

CH^”Ai + C|H|I 

in. 


CJHj— As — CI|H| 

<Lb, 


an, 

r=^ A.-0,H,+ CHjl 
O.H, 
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iodide is obtained, bnt at the same time a considerable amonnt of 
trimethjiphenylarsonhiin iodide Is also formed. These results are 
readily explained by the dissociation-eqralibrram theory. 

Sine* all the arsonhun compounds investigated contained at least 
one alkyl gixrap, Holliman and Mann (1943) prepared an aisoninm 
componnd with the arsenic atom In a ring, in the hope of stabilising 
the compound {ef. phosphorus, J3b). These authors prepared Z-p- 
chlorophenacyl'^phenyl-l:2:8:4-tetiah3?dro-woarsinolinhmi bromide, 
HI, resolved it, and found that h did not raceraise in solntion 
at room temperatore. 



Although phosphine oxides of the typo oiePO have been resolved 
{53b). stmilar arsine oxides have not ; the reason for is obsenre. 
On the other hand, arsine sulphides have been resolved, e.g.. Mills 
and Raper (1925) resolved jS^arboxyphcnyimetbylethylarsine 
sulphide, IV. 

0jH4^“As— ^8 



COjH 

IV 


CITt ^OH|*OHf*OHs’OHs 
— -A*^-C,H, 


iHr“A^-CfH| 

m/ >nTT.*oi 




V 


0|H|^ ^OH|*CHj*CH|*OHj 
OIT|— Ai*^8 

L 

Ollj— As-^-S 
C,H/ 


r"^>do.. 

CHfpAi^ 

C,H; ^OH,*CH,-CH,*OH, 


vn 


VI 



m 
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Chatt and Mann (1039) prepared etliyJei>e-l:2-bls(H-butylinethyl- 
phenylarsoniura) picratc. V. ethylcne-l:2-bls(«-bntjdplienylarsine 
snlphldc), VI, and cthylcne-li^bis{«-bntylpb£nyiAraine)-dich]oro- 

palladhim, VII, and obtained each compound in two fonns. Each 
of th^ compounds is of the ty^ Oibd-Cabd, and hence each'shonld 
exist in one racemic modification and one ww-form (c/. §7(L U). 
As has already been stated, two forms of each were isolated : both 
were inactive, but the authors had no evidence for deciding which 
was which- 

It has already been pointed ont above that Holliman and Mann 



prepared the optically stable aisonium compound IIL These 
authors, in 1W5, also resolved on arsonium compotmd of the spiran 
type, vix., As^iro«bis-l:2:3:4“tetrahydro-<warsiDolinium bro^de, 
VIIL This doe not exmtatn an as 3 unmetiic arsenic atom ; the 
optical activity is due to the asymmetry of the molecule (the tvro 
rings are perpendicular to each other), and this is evidence that the 
four valencies of arsenic are arrang^ tetrahedrally (sec also J4b). 

|4b. Tcrcovalent arsenic compounds. The electronic con- 
figuration of arsenic is (U*)(2f*)(2^(3j*)[3^*)(3d*“){4i*)(4^. Thus 
the configuration of tercovdent arsenic compounds will be a trigonal 
pyramid (c/. phosphorus, |3a). Physico-chemical evidence (X-iay 
analysis, spetiroscopy and electron diffraction) has shown that in 
tcrcovalent compounds the arsenic atom is at the apex of a tetra- 
hedron, and that the intervalency angle is 100 ± 4 *. It has also 
been shown that the arsenic is in a state of oscillation, the frequency 
of this oscillalion throng the plane of the three hydrogen atoms 
in arsine being 10 X 10*. This is slower than that of phosphorus 
(6 X 10*), flTirt very much slower than that of nitrogen (2-3 X 10^®) . 
Thus, piTv^n iing the oscillation of the arsenic atom, possibly by 
attachment to very large g r o ups , should lead to the isolation of 
opticalty active tcrcovalent compounds. So far, however, all 
attempts to resolve co m pounds of the typt Asabc have failed {ef. 
nitrogen and phosphorus). On the other hand, tercovale nt ar senic 
compounds in wbi^ arsenic two of its valencies occupied in 
a ring compound have been resolved ; the ring structure prevents 
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osdUation of the arsenic atom (c/. TrCger’s base, §2c). Thus Lesalie 
and Tomer (1934) resolved lO-methylphenoxarsine-2-carboxyiic 
prid . I. These aothor* suggested that the asymmetry of the mole- 
cule is due to the presence of a folded structure about the O — As 
axis, as 'well as the asymmetry due to the pr ese nce of an asymmetric 
arsenic atom (see structure If). This molecule and its mirror 



image are not superimposable. It might be noted, however, that 
the position of the methyl group with respect to the O — As axis 
is uncertain [cj. the arsanthrens, below). This folded stru c t ur e is 
reasonable in view of the fact that the 'valency angle of oxygen is 
also approximately 100^ ; if the molecule were planar, thoi the 
valency angles of both arsenic and oxygen 'would be in the region 
of 120®, which is a very large increase from the normal 'valency 
angle. tMicn each cnantiomorph of 11 is treated with ethyl iodide, 
the sam4 racwnised product is obtained. This is due to the fact 
that when the aisonhmi compound. III, is formed, the asymmetric 
quaternary arsenic atom is racemised owing to the dissodatlon- 
equilibriurii. 



IV V 


Lesslie and Tomer (1938) also resohud lO-phenylphenoxarsino- 
2-carboiyUc add, IV. This compound was very stable, and 
oxidation to the arsine oxide, V, gave a completely racemised 
product 

Campbell rf al. (1950) ha\'C resolved some substituted 9-arsa- 
fluorenes, 9-;^^boxyphenyi-2-metho:ty-9^ir5aflaorene (Vo). 
Campbell (1956) has also resolved 2-^Marboxyphenyl-5-methyl- 
l:3-dithia-2-arsaindaue (V6). This compound is optically stable in 
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chloroform solution, but ia racemised in aqueous sodium hydroxide, 
Campbell believes that this racemisation is due to the fissiem of the 
Afr— S bonds by aqueous alkali, and subsequent reversal of the 



reaction by add, a typo of behaviour observed in triaryl thioarsenites 
(Kleraent et oL, 1038). Furthermore, Cohen d al. {1931) have 
shown that in sodium hydroxide solntion, alkyl thioarsenites exist 
in equilibrium with thiol and arsenoxide : 


SR' 


OH 


/ OH- / 

R»Ab 4 - fH,0 n ^ R‘As 
\ H+ \ 

SR' OH 


4 JR'SH 


Cbatt and Katm (1040) prepared 5:lCMli-^toI>d-d;10-dihydro- 
ananthren, and poiated oat that if the valency angle of arsenic 
remains constant at its normal angle (of a p prox i mately 100^, then 
the structure will be folded, and consequently the three geometrical 
isomers, VI, Vn and VUI, are apparently possible (T r e presents 
the ^tolyl grou p ). Chatt and &bnn also pointed out that evidence 



VI vn vin 


obtained fro m models constructed to scale showed that the two 
^tolyi radicals fll in VTII would almost be coincide n t, and hence 
this isomer cannot exist. These authors isolated two optically 
inactive forms, but were unable to say which was which. When 
rai4i compound was treated with bromine, both gave the sajn4 
tetrabromide wldch, on t^'drotyafa, gave only one tetrahjdroxide. 
The loss of isomerism in the tetrabromide (and in the tetrahydroxide) 
may bo explained as follows. Bromination of VI and VTI converts 
tercovalent arsenic into qninquecovalent arsenic, and in the latter 
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state the ring valency angles of tlw arsenic become 120®, and so 
the aisanthrcn nucleus is note planar. Thus both the forms VI 



DC 


and VII would give the tetrabromlde, IX (the same is true 
for the tetrahydroxidfi) ; the tetrabromide should thus bo planar, 
the configuration of each arsenic atom being trigonal bipyranridal 
in the 6-covalent state (Fjg. 2). 


br 



bt 

Fio. 9X 


Quinquevalent phosphorus and arsenic can make use of the 3^ 
or id orbitals, respectively (cf. nitn^en, f2b). Thus nitrogen has 
a maxnmnn covalency of 4, whereas that of pihosphorns and arsenic 
is 5 or 6, g.g., the covalency of 6 is exhibited by phosphorus in nltd 
phosphorus pentatiiloride ; X-ray diffraction ihows this "molecule " 
^ the solid state) Is PQ^'*' PQ^”. 

Phogjhorus, is (U*)(2 s^{2^(3j’)( 3^>) in the ground state, 
may become (lr*)(2s*)(2/J*)(3»)(3^’)(3i) in its " valence state ", since 
the 3s and 3d oibrtals ^vo energy levels which are close together, 
Kimball (IWO) showed, by calculation, that this arrangement, i,s., 
tP*d, could give rise to the stable trigonal b ipy r a midal configuration. 
This consists of three equivalent coplanar orbitals pointing towards 
the comers of an equilateral triangle, and two orbitals perpendicular 
to this plane (see Fig. 2). It so happens that tpd^ hybridisation 
would also giw a trigonal bq^yramid ; it is not I '^rf a iT^ which 
hybridisation is actually present in quinquevalent phosphorus. 
Electron diffraction studies of the vapours of phosphorus p>enta- 
chlotide and pentafluorlde indicate the trigonal bipyramidal con- 
figuration in these molecules. The phosphoniom ion might possibly 
bo formed from this trigonal blpyramld by the transference of one 
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of the electrons, or by the transference of a 3* electron and hybridisa- 
tion of the (3i)(3^«) orbitals ; in either case the tetrahedral con- 
fignration of the phosphomum ion can be asymmetric, but only in 
the case of the hybridisation of the (SU)( 3 ^») orbitals will the fonr 
bonds be 6<pivalant Since the pn^>e^ of phosphonhim com- 
pounds are in agreement with the cq^alence of the four bonds, it 
therefore appears, on theoretical grounds, that the tetrahedral con- 
figuratlonwith thejdiosphonis atom at the centre is the probable one. 

Frem the experimental side, the preparation of optkaJly active 
spiro-compounds of phosphorus (§3b) and of arsenic (|4a) proves 
the tetrahedral configuration of th^ atoms. Earlier work by 
Mann et aL (1936, 1937) has also definitely established tbU con- 
figuration. These authors prepared compounds of the type 
[RfAs — Cul}* by comb i nation of tertiajy arsines or phosphines with 
cuprous iodide (or silver iodide) ; in the^ co mp o u nds the jdiosjtous 
or arsenic is 4-covalcnt, and X-ray analysis studies of the arsenic 
compound showed that the arsenic atom is at the centre of a tetra- 
hedron. Since the corresponding phosphorus compounds are 
isomorphous, the configuration of the phosphorus is also tetiahedraL 

In the toUd state, phosphorus and arsenic compounds may con- 
tain a negatively changed phosphorus or arsenic atom, 1 * 04 + 
Pdf' (see above). In this condition, the phosphorus ac quir es an 
electron to become •••(34)(3^*)(3i*), and the arsenic also acquires 
an electron to become In both cases the con- 

figuration is octahedral (six l^tis), f.g., the following com- 
pound has been resolved (Rosenheim ft a/., 1925). 



Harris d al. (1956) have shown that & negatively charged phos- 
phorus atom nT«;n exist in solution these authors showed that 
triphenyl phosphite dIbromide ionises in methyl cyanide solution 
as follows : 

«P(OPh)^Br, [P(OPh)*Brj+ + [P(OPli),BrJ- 
§4c. Stereochemistry of antimony compounds. Two 
cally active tervalent antimony compounds have been prepar^ 
the phenoxstibine (I) and the stihiafiuorene (II Campbell, 1^ * 
1960). The asymmetry in I is probably ^ ' the folding .uj- 

the O — Sb axis {cf. phenoxarsines, §ft' • 

It is of interest to note, in this 
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Weston {19M) have led hrm to the conclusion that tervalent anti- 
mony, aiscnic and sulphnr componnds should be stable to inversion 


ocvn 

I 



n 


at room temperature. On the other hand, compounds of 

phosphorus would be optically stable only at low temperatiues, 
and those of nitrogen not at alh 


16. STEREOCHEMISTRY OP SULPHUR COMPOUNDS 

Varlons types of salphur compounds have been obtained In 
optically act^ forms, and although the general picture of the 
conhguratioQS of these molecules is quite dear, the details of the 
nature of the bonds of the central sxilphur atom are in a state of 
flux. In the following account the “ octet shell " for sulphur will 
be used, but an alternative explanation is offered in §5^ 

§5a. Solpbonlom salta. Pope and Peachey (1900) prepared 
carboxymethylethylmethylsulphonhim bromide by the reaction 
between ethyl methyl sulphide and bromoacetlc add, and formulated 
the reaction as follows : 


^8 + OH,Br*CO|H 


OH, .CH.’COjH 


At this time (before the electronic theory of valency, 1916), sulphnr 
was believed to be qoadriccrvalcnt, and lo Pope and Peachey 
accounted for the optical activity of this compound (see below) by 
amimTug that the sulphur atom was at the centre of a tetrahedron, 
the configuration was stmllar to carbon. According to the 
electronic theory of valeiKy, however, sulphur is tercovalent nnl- 
ekctrovalent in sulphonimn salts, and so the sulphur is believed 
to be at the centre of a tetrahedron with three corners occupied 
by the groups CH„ C^H, and CHg*CO,H, and the fo urt h corner 
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by a loDo pair of electrons (see Fig. 3). This molecule is not snpcr- 
imposable on its mirror image, and hence can, at least theoretkaUy, 
exist in two optically active forms. This bromide was treated 
with silver (+)-camphorsulphonate and the salt obtained was 


CHj 



fractionally crystallised from a mixture of ethanol and ether. 
Pope and Peachey found that the (+)-sulphonium camphorsul- 
phonate \va3 the less soluble fraction, and bad an Mj) of + 68*. 
Since the rotation of the {-|-}<ainphorsulphonate bn is about -f C2% 
this leavea + 16® as the contribution of the tulphonium bn to the 
total rotation (see §12. I). Althou^ this does not prove con- 
clusively that tort sulphur compound is optically active, it is cer- 
tainly strong evidence in its favour. Final proof was obtained by 
replacement of the campborsulphonate Ion by the p lat i nbhl onde 
ion to ^ [CH,(C^0’S<H,*CO^,+Pta.- ; this campoond had 
an[a]i>of-l-4-6®inwater, Inatimflarway, Smiles (1900) prepared 
ethylmethyipbenacylsulphonham pbrate, I, in two optiadly active 

P^8-OH,COO.H, 

I 

forms, one with an [a}D of +8'!® and the other — 9-2®. A 
recent example of an optically active sulphonhini salt is one with 
the sulphur atom in a ring ; this compound, H, was ob ta i n e d as 
the optically aotive ion with the plcrate (Mann and Holliman, 
1946). 






Br" 



II 
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§5b. Sulphlnlc esters. Phillips (1925) partially resolved sul- 
phinic esters. R*SO*R', by means of the kinetic method of resolutictn 
{§10 vii U). Two molecules of ethyl ^oluenesulphinate were 
heated with one molecnle of (— )-incnthyl alcohol or (— }-»«:.-octyl 
alcohol, i^., the snlphinate was subjected to alcoholysis. Now, if 
the sulphinatc is a racemic modification, then the (4-)- and (— )- 
forms will react at different rates with the optically aciive alcohol 
(see § 52 , 7b. IT). Phillips actually found that the (4-)-ester reacted 
faster than the {— )-cster. If we represent the ester by E, the 
alcohol by A, and imchanged ester by then the following equation 
symbolism the alcoholysis : 

(+)E + (-)E+t-)A-^ 

[(+)E(-)A] + [(-)E(-)A] + (+)E, + (-)E; 
Since [( 4 -)E(— )A] is greater than [(— )E(— )A], it therefore follows 
that (+)E, is leas than (— )E,.; thus a partial resolution has 
occ ur red. The unchanged ester, having a lower bofling point 
than the new ester, distilled off first ; this contained more of the 
(— ).fonn. The rcddoal ester (the higher bofling fraction) was then 
heated with a large excess of ethanol ; alcoholysis again occurred, 
this time the (— )-alcohol (menthol or octyl) being displaced to 
regenerate the original ethyl ^tohicnesulphln^ This rtsulted in 
a fraction containing more of the (+)-fonn. 

To account for the optical activity of these sulphinates, the older 
formula I, with quadrkxrvalent sulphur linked to the oxygen atom 
by a double bond, was replaced by formula H, in which the sxilphur 
atom is at the centre of the tetrabedrou, but one comer is occupied 


C,H,0' 




^ 8 ^ 


I 


u 


by a lone pair of electrons (c/l Fig. 3). In I, the sulphur atom is 
at the centre of a tetrahedron, and the molecule is fiat, and con- 
sequently is superimposable on Hs mir ror image. Molecule II, 
however, is asymmetric, and so is optically a ctiv e. 

§5c. Solphoxldee. Sn^hoxides of the type R*SO‘R' have 
also been resolved, and so the formula RR'S=0 was rejected and 
replaced by HR'S— ► 0 ; sulphoorides I and II were resolved by 
FhiUipa ei al. (1926), and Kairer et of. (1951) obtained in in the 
(— )-fonn and the racemic modification. 

Bell and Bennett (1927) investigated disulphoxides of the type 
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CH,*SO*CHj*CHg*SCH^j, This molecule contains two inmnar 
asymmetric carbon atoms and so is of the type Qdbd'Cabd. Thus 
it should exist in one racemic modification and one m«a-fonn. Bell 
and Bennett failed to resolve this compound, but succeeded in 
resolving the following disulphoxide. 



0 0 


If the former disulphoxide (the dioxide of a l:4<dlthian) is con- 
verted into the corresponding ring compound {»>., into a ^clic 
lj4-dHhian), then two geometrical isomers are possible, neither of 
which is resolvable ; these two forms have bcCT isolated by Bell 
and Bennett (1927, 1029). 

OHj— CH, OHr-CH. 

xSC /S. rC. /S 

OHf-OHi \ 0 ^ NjHf-OET 

ds trans 

Thianthren dioxido also exista in two geometrical isomeric forms. 
The str u c t ure is probably folded (as is that of th i an t hr en), bat 
only two forms would bo possible, since in the third the two oxygen 



atoms would be coinddont {cf. the arsanthrens, §4b). 

forms are the cit and trans, and have been distinguished by means 
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of dipole moment measorementa i the dipole m om ent of the ds- 
isomer is greater than that of the irons (Bergmatm, 1037). 

It is of interest to note, in connection with optically active 
sulphoxides, that Schmid and Karrer {1948) have isolated «*/- 
fkoTophen from its gljrcoside which occnis in radish seed. These 
authors showed that sulphoraphen is a lovorotatory oil which owes 
its optical activity to the presence of a sulphoxide group. 
CH,*SO*CH-CH*CH,*CH,*NCS 
sul^dioiaphen 


§5d. SulphlUmlnee. Gdoramine T reacts with alkyl sulphides 
to form sulphiliraines, 



The electronic structure of this molecule appears to be uncertain ; 
one possibility has been given above, and in this one the sulphur 
atom Is asymmetric {It is of the type that occurs in the sulphoxides) . 
An alternative electronic structure is : 


COjH 



In this structure, the sulphur atom can still be asymmetric {see 
|5e), but at the same time the nitrogen atom would now be of 
the oxime typo, and to could give rise to geometrical isomerism. 
Thus, in this case, there would be two geometrical isomers, each 
capable of being optically active because of the presence of the 
asymmetric sulphur atom. This vrould result in two pairs of 
enantiomorphs. Actually, this suljdulimlne has been resolved by 
Ken^"on cl al, (1027), who obtained one pair of ^gn tlnT T Ktr p ^^i 
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55e. The valency disposition of the snlphur atom. Tlw 
electronic configumtion of snlphnr Is (li*){2i‘)(2/t*)(3i*)(3^) ; the 
four Zp orbitals arc 

Bivalent sulphnr. In compounds of the type Sa^, sulfdiar 
uses the two unshared Zp orbitals, 3^, and 3p^ and therefore the 
valency angle should be in the region of 90®. In hydrogen sulphide 
the valency angle has been found to be approximately 62*, and 
in sulphur dichloride a ppr o xim ately 103® ; the large vino in the 
latter case is partly due to the ropulsicm between the chlorine atoms. 
It has also been suggested that pure ^bonds are not present in 
these compotmds, bnt that the bonds are admixtures of t and 
p orbitals, and possibly d orbitals (see below). The variation of the 
bond angle with the nature of the gnraps attached is thus attributed 
partly to changes in admixture of these orbitals, 

Tercovalent and quadricovalent sulphur. Sulphur could 
become tercovalent unlelectrovalent by the transfer of one of its 
electrons, e.g., in sulphonium salts, I. Sulphur could also 
bwme tercovalent by donating the lone 3^, pair of electrons, 
e.g„ in sulphoxides, II, and in sulphinJc esters, ITI. On the other 
h^d, sulphur could be qoadricovalent in sulphoxides (Ila) and in 


o 

t 

00 

R— S— or' 
1 

0 

II 


III 

R,S=>0 

R— 8--OR' 

1 

0 

Ua 


ma 


sulphinic esters (Ilia), but in this case, if the four are arranged 
tetrahedrally with the suljdnir at the centre (as thought originallj^, 
the molecules w o u ld be flat and hence not resolvable. Since, 
ho we v er , they are resolvable, the sulphur atom cann ot bo in the 
same as the other throe groups. This therefore led Phillips 
to propose structures n and HI, and according to him the airan^ 
ment was tetrahedral, with one comer unoccupied (see 
Further evidence for the nomplanar configuration of snlphoj^ 
and sulpdiinlc esters is given by the fact that in thionyi chlorido 
the a— S— a angle Is apjamrimatcly 114®, and the 0—S—Q angle 

approximately 106®. These values are in agreement with a te^- 

hedral configuration with the sulphur atom at the apex o e 

tetrahedron. Structures H and IH are therefore satisfactoiy, but 
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there are, however, alternative clectrcmic stractnres which fit the 
facts oqaally well (see below). 

Sexaralent ■nlphor. X-my analyiis of the sulphate ion shows 
that it has a tetrahedral configuration ; and snlphuryl chloride 
also has been shown to be tetrahedraL Originally, siphnr was 
Hwrmw^ to be sexavalent in these comporaids, and so the formula 
of sulphuric arid was written as IV, but when the electronic theory 
of valency was introduced, this fotnrala was changed to V (to 
satisfy the requirements of the octet theory). More recently, 

H— H — ^ 

H— H— 

rv V 

herwever, evidence has been obtained (mainly from bond4ength 
measnrements) that sn^hnr is sexavalent In ^phur hexafluoride, 
snlphur trioad^ sulphuric add, etc., O., sulphuric add is IV and 
noi V. Now, if sulphur Is sexavalent in sulphur hexafluoride, it 
might be antidpated that all sit fluorine atoms axe equivalent. 
This has actually been found to be so, and it therefore follows 
that all the six sulphur valendes are equivalent. A configuration 
which fits these facts is an octahedral one (Fig. 4 a). In sexavalent 
compounds, the electronic configuration of ruJpfaur would b« 
(li*)(2**)(2^(3r)(3/i*)(3i*), vrtuch is brought about by the pro- 
motion of one and one Zp electron to 3d ; this is possibte because 
of the small energy dificunces between the ortdtals concerned. 
Hybridisation of the (IU)(3^*)(8d*) electrons would give six equi- 
valent bonds (six jpW* bonds) arranged octahedrally (Fig. 4a). 

As we have seen above, thlonyl chloride has a tetrahedml con- 
figuration, and the snlpboxidea and sulphlnic esters, irinre they are 



Fia e.4. 


resolvable, cannot be flat The optical activity of these compounds 
has already been explained on the basis of the octet theory, the 
sulphur atom bemg linked to the oxygen atom by a dative bond. 
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and one coraer of the tetrahedron being nnoccnpied (except by a 
lone pair of electrons). The optical activity of t hf^ compormds, 
however, can also be explained on the as sump tion that the oxjgen 
atom is linked to the sulphur atom by a double bond.- In4-covalent 
sulphur compounds, the electronic configuration of the sulphur atom 
could be (lx^{2r*)(2/5^(3j*)(3^^(8d), which is brought about by the 
promotion of one 3^ dectron to Zd. In this airangement, the two 
R — S bonds are formed by two of the three 3^ electrons of the 
sulphur atom, and the S— O bond by one Zp dectron and the Zd 
dectron of the sulphur atom (this is a ;r-bond of the type pj , — ; 
in ethylene the Tt-bond is of the type p ^ — The configuration 
of the molecule in this arrangement is stfll tetrahedral, with the 
sulphur atom at one comer of the tetrahedron (Fig. 4 J). This 
valency configuration is supported by bond length measurements 
of the S — 0 bonds in sulphoxides and sulphones : in both the bonds 
ore double bonds. 

In the sulphonlum salts, the transfer of one of the 3^ electrons 
of the snlphur atom (from the gronnd state) leave* the snlphnr 
atom in a tercovalcnt unidectrovalent state (see above). Thus, In 
sulphonlum salts, the sulphur atom is again at the comer of a 
tetrahedron (Fig. 4 c). 

f6. Stereochemletry of ellJcoa componnd*. Kipping (1907) 
prepared bcniylcthyipropyl^^l oxide, I, and isolated one form 
of it. If the silicon atom has a tetrahedral configuration, this 
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molecule is of the typt Cabd'Cabd, i^., it should exist in (+K (“)■• 
and m«o-fonns, \\Ticn I was sulphonated to give II, the latter 
compotind u-as resolved, Qiallcnger and Kippbg (1010) also 
resolved the silicon compound HI. 

§7. Stcrcochemlrtry of tin compounds. Pope and Pcachcj' 
(1900) obtained ethylmethyl-«-propylstannoniam iodide in the 
dextrorotatory form ; concentration of the motlicr liquor also ga\T 
this (+)-form. Thus we have an example of asjTnmetric trans- 
formation (§10 iv. II). 


CII^ ^C,H, 


n-Cjir?’ 


§8. Stereochemistry of germanium compounds. Schwarz 
and Lewinsohn (1031) obtained the {-l-)-fonn of ethylphcnjdijo- 
propj'lgcrmaniura bromide, but failed to get the (— )-form ; this 
latter form appears to racemise in tl« roolber liquor. 


^11, 

{arj),cit— ac: 

c,n. 


Dr 


§9. Stereochemistry of selenium compounds. Pope fi aJ. 
(1902) resoU*cd carboxj-mcthylmethylphcnjdsiJcnonium bromide In 
the same %vay as the corresponding fulphonium salts (|5a) they 
obtained the active platinlchloride. 

rcii,^.. 1 * 

8,-cii,co,ii ncir 
1p.Ii. J. 

lt.nn rf al. (lWr>) alw resoUTd the folltm-ing fielrnonium Kilt ; 



^ far, altempts to rewlvc selcnoxhlee ha\T failed- 
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510. Stereochemistry of teUnriumcompoaiidB. Lowiyrf*/. 

(1929) obtained the optically active forms of methyli^ienyi-^ 
tolyltelluronhim iodide. 
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CHAPTER VII 


CARBOHYDRATES 

This chapter is mainly concerned with the stereochemistry of the 
carbohydrates and the stmctares of the disaccharides and poly- 
saccharides. It is assumed that the reader is familiar with the 
open-chain structures and general reactions of the monosaccharides 
(for an elementary acco un t of these compounds, see VoL I, 
Ch. XVITI). 


§1. DETERMINATION OP THE CONFIGURATION OF THE 
MONOSACCHARIDES 


Aldotrloiea. There is only one aldotriose, and that is glycer- 
aldehyde. As we have seen {§fi. 11), the cnantiomorphs of this 
co m po un d have been chosen as the arbitnay standa^ for the 
t>< and L-series in sugar chemtstry : 

OHO 

H— I — OH 
CH,OH 

D(+)-glycenUdehydo 

The conventional planar diagrams of the sugars are alwaj's 
drawn with the CHO (or CH,OH*CO) group at the top and the 
CH|OH group at the bottom ; the following short-himd notation 
is also used : 



CHjOH 

L(-) -gl jee ral debyde 


OHO 9 


nr\ 


ilVj 

11 — 

OH 



TT- 


O 

( 

OH 

JHjOH 

D-nerkw 


CHO O 




li 

IJQ 

^“OH 

2j 



HO— 

J2 

( 

JIipil 


L- serifs 


Aldoteirosea. The structural formula of the oldotelroses 
^ CHiOH'CHOH'CIIOH'CHO. Since this contains two unlike 
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OOjH OH, OH OH, OH CO,H 


meo-t*rtario D(-)-erythrt»o D(-)-thr«OM L(-)-tartAric 

Mid I n add 

asymmetric carbon atoms, there are four optically active forms (two 
pairs of cnantlomorphs) possible theoretically. All four are known, 
and correspond to i>- and L-threose and i>- and L-eiythrose. i>(+)- 
Glyccraldehyde may bo stepped np by the Rillant reaction to give 
d(— )- crythi^ and D(—)-threose. The qnestion now Is: Which 
is wbich ? On oxidation, D-erythrosc gives ffwwtartaric, and on 
reduction gives maoerythritoL Therefore r-erythrose is I, and 
consequently II must be o-threose. The configoraticn of the latter 
is confirmed by the fact that on oxidatiem, D-throose gives l(— )- 
tartaric add. 

Aldopentoses. These have the stmctnral formula 
CHOCHOH-CHOH-CHOH-CHjOH, 
and since It contains three unlike asymmetric carbon atoms, there 
are eight optically active forms (four pairs of enantiomotphs). All 
are known, and correspond to the d and L forms of ribose, orabinosc, 
xylose and lyxose. Their configurations may be ascertained by 
either of the following two methods. 



D{-}-ribo®e D(-)-*rahInoo0 Df+l-xykwe Df-J-lyxoee 

III rv V VI 
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One method starts by stepping up the aldotetrosea by the KiliaTij 
reacdon, Thos D-erythrose gives d(— )-ribose and d(— )-arabmose ; 
fiimilariy, D-threoso gives D(+)“X^03e and d(— )- lyxose. HI and 
IV must be ribose and ambinose, but which is ^^ch ? On oxidation 
with nitric acid, arabinoso gives an optically active dicarboxylic 
add (a trihydroxyglntaric add), whereas rib^ gives an optic^y 
inactive dlcarbox^c add- When the terminal groups, CHO 
and CHjOH, of HI are oxidised to carboxyl groups, the molecule 
produced (Ilia) possesses a plane of symmetry, and so is inactive. 
Oxidation of IV gives IVa, and since this molecule has no plane 
(or any other element) of symmetry, it is optically active. Thus 
in is D-ribose and IV is D-arabinose. 


m IV V VI 



utactiTe active inaetlTe active 


nia IVa Va Vie 

V and VI must be xylose and lyxose, but which is which ? The 
former sugar, on oxidation, gives an optically inactive dicarboxylic 
®cid, whereas the latter gives an optic^y active dicarboxylic add. 
"Therefore V is i>-3ylose and VI is D-fyxose. 

The follcrwing is the alternative method of cluddating the con- 
futations of the aldopentoses ; it is more in keeping with Fischer's 
Solution to the problem. The structural formula of the aldopentoses 
give rise to four pairs of enantiomorphs, the D-forms of which 
We as follows : 



ni IV V VI 
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It Bhould be noted that these four configurations have been obtained 
from first prindplea (see §7c. II) ; no recourse has been mflrj p to 
the configraations of the aldotetroses, Arahinose and lyiose, on 
oxidation with nitric add, produce optically active dkarboxylic 
adds (trihydroxyglutaric adds). Therefore these two pentoses 
must rV and VI, but we cannot say which is which. Xylose 
and riboso, on oxidation, produce optically inactive dicarboiyiic 
adds (trihydroaqrglutaric adds). Therefore these two pentoses 
must be in and V, and again wo cannot say which is whicln 
When each aldopentose is stepped up by one carbon atom (by 
means of the Klliani reaction) and then oxidised to the dkarboxylic 
add (the terminal groups are oxidised), it Is found that aiabinose 
and :^ose each give too active dkarboxylic adds, whereas ribosc 
and lyxose each give one active and one inactive (m«o) dkarboxylic 
add. The following chart shows the dkarboxylic adds obtained 
from the configurations ITl-Vl. 





ImoUto »cUt« "otire 





00,H CO|H 


active active 


CO,H CO,H 

H OH HO H 

HO H HO H 

HO H HO H 

H OH H OH 

COjH 00,H 

InactJTo acHvB 
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It tbcreforo follows that D-ribose is in, D-arabinose is IV, D-xylose 
b V, and D-lyxose is VI. These configurations are confirmed by 
the facts that ribose and arabinosc give the same osaxone, and 
xylose and lyioso give the same osaxone ; the only difference be- 
tween mgars giving the same osaxone is the conjuration of the 
second carbon atom, ix. HI and IV are epimers, as are V and VI. 
It should also be noted that arabinose and lyxose produce the same 
trihydroiyglutaric add on oxidation. 

Aldohaotes. The structural formula of these compounds is 
CHOCHOHCHOH'CHOH'CHOH'CHjOH, and since it contains 
four unlike asymmetric carbon atoms, there are sixteen optically 
activt forms (eight pairs of enantioroorphs). All are known, and 
may be prepared by stepping up the aldopentoscs : D-ribose gives 
D(-f )-aIlose and D(-l-)-altrosc ; D-arabinose gives D(+)-gluco5e and 
i>{+}^i»annose ; D-xylose give* D(~)-gulose and d(— )- idose ; and 
D-lyiose gives D(-h)-galacto5e and D('f)-talo3c. 


r D-riboee — . 

in \ 

OHO 



r D-*r*bInoso-.« 
IV I 



OH, OH 


CH,OH 


D(+>-ghict»e Df+l-mannoee 
DC X 

, D-lyxo#o — . 

I VI I 


CHO 


OHO 



OH, OH 


cH,on 


D{+VS*lscto*o D(+)-Ulci*e 


xni 


XIV 
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Vn and VIII must bo alJose and altrose, but which ia which ? 
On oxidation with nitric add, the former gives an optically inactive 
(allonmdc) and the latter an optically active (talomndc) dkar- 
bo^lic add. Therefore allose is VTI and altros© is Vm. 

Xm and XIV must be galactose and talose, but which is which ? 
On oxidation with nitric add, the former gives an optically inactive 
(mude) and the latter an optically active (talomui^) dicarboxylic 
add. Therefore Xm is galactose and XIV is talose. 

The eluddation of the configurations of the remaining four 
aldohexoses Is not quite so simple, since, on oxidation with nitric 
add, glucose and mannose both give optically active dicarboxjhc 
adds, as also do gulose and idose ; in all four configurations (IX, 
X, XT, XII), replacement of the two tenninal groups (CHO and 
CHjOH) by carboxyl groups leads to dicarboxylic adds whose 
structura have no plane (or any other element) of symmetry. It 
has been found, however, that the dicarboxylic add from glucose 
(saccharic &cid) is the same as that obtained from gulose (actually 
the two saccharic adds obtained are cua n ti o mo q^hons. n-gincose 
giving i>-saccharic add and i>-gnJo$e i-sacchailc add). Since sac- 
charic add, COgH*(CHOH)4*CO^, is produced by o xid a ti on 
of the tenninal groups with the rest of the moleaile unafected, 
it therefore follows that the '* rest of moJecnle " must be the same 
for both glucose and gulose. Inspection of formulae DC, X, XI and 
Xn shows that only IX and XI have the " rest of the molecule " 
the same ; by interchanging the CHO and C^OH groups of DC, 
the cnantiomorph of XI, L-gulose, is obtained. Therefore DC 
must bo glucose (since we know that gincose is obtained from 
arabinoso), and XI must be gulcoe. Consequently X is mannose 
and xn is idose. 

Ketohexosee. AH the ketohcioscs that occur naturally have 
the kctonic group adjacent to a terminal CHjOH gnnq), tJ., the 
structural formula of all the natural ketobexoses is 
CH^H-CO-CHOH-CHOH-CHOH-CH.OH. 

Since thin Btmeture contains three di^rimilar asymmetric carbon 
atoms, there are eight optically active forms (four pairs of enan tio- 
moiphs) possible theoretically ; of these the following six are 
known : d( — )- and L(-i-)-fractooe, d(+)" ^ — )-sort>ose, d(+)- 

tagatose and l(— )- psicose. Only d(— )-£ructose, i,(— )-eorbos« and 
D(+)-tagatose occur naturally. 

Fructose. Natural fructose fa bevorotatoiy, and since n-gloccw 

gives the tama osaxone as natural fructose, the 

D(-)-fructose. Furthennore. since osaxone formation 
the first two carbon atoms in a sugar, it therefore follows that 
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the configuration of the rest of the molecule in glucose and fructose 
most be the same. Hence the configuration of d(— )-£ ructoso 
is XV, and is confirmed by the fact that D(+}-glucose may bo 
con\Trted into D(— }-fructose via the osazone (see foUenving chart). 

enfin CH— N-NHO,H, CHO 


H c«tvyn KK, rq 


CHjOH 

D(-).frortoM 
XV , 


on, OH 

D(+)>giuoc»c 


The configurations of the other kctohexoscs arc ; 

CHjOH CHgOH CHjOH 


CIIjOH CH,OH Cir,OII 

D(+).»orbo*o D{f)*tagato*« 

P. Ring structure of the monosaccharides. \\’hen a mono- 
*?^chiridcUdissol\'cd in water, the optical rotator)’ pemrr of the solu- 
^gradually changes until it reaches a constant N’aluc (Dubrunfaut, 
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1840)^ ; ts.g., a freshly prepared solution of glucose has a specific 
rotation of +111®, and when this solution ia allowed to stand, 
the rotation falls to +62'6*, and nan^ns constant at this value! 
The final stage can bo reached more rapidly dtlffir by heating the 
solution or by adding some catalyst which may be an add or a base. 
This change in specific rotation is known as motarotatlon ; aD 
reducing sugars (except a few ketoses) undergo mutarotation. 

To account for mutarotation, ToUens (1883) suggested an oxide 
ring structure for D(+)-gluco3e, whereby two forms would be 
produced, since, in the formation of the ring, another asymmetric 
carbon atom (vduch can exist in configurations) is produced 
(cf. the Kiliani reaction). Tollens assumed that a five-membered 
rfaig (the y-form) was produced : 



— OH I 





I— 

—OH 


OH, OH 

I 


OHO 


H 

HO- 

H- 


*OH 
■H 
•OH 
OH 
OH, OH 


HO- 


HO- 




1 

—OH 0 




OH 




OHjOH 

II 


The difficulty of this suggestion was that there was no experimental 
evidence for the existence of these two forms. Tanret (1895), 
however, isolated two isomeric forms of D(+)^uco3e, thus appar- 
ently verifying Tollens' supposition (but see 557a, 7f). The two 
forms, I and II, are known respectively as a- and ^D(+)-y-giuccse 
(see also 57b for the nomenclature of these forms). 

Ring formation of a sugar Is really hernia cetal for m a ti on, one 
alcoholic group of the sugar forming a bemiacctal with the alddiydo 
group of the tame molecule, thus producing a ring structure which 
is known as the ladcl form of the sugar. 

Mechanism of matarotadoo. According to Lowry (1925), 
mutarotation is not possible without the presence of an amphiprotic 
solvent, ij., a solvent which can function both as an add and a 
base, e.g., water. Thus Lowry and Faulkner (1926) sben^ 
mutarotation is arrested in pyridine solution (basic solvent) and in 
cresol solution (acidic solvent), but that it takes place in a 
of pyridbc and cresoL It has been assumed that vrfaen nnita- 
rotation takes place, the ring opens and then redoses in the invert 
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position or in the original position. There is some evidence for 
the existence of this open-chain form. The absorption spectra of 
fructose and sorbose in aqueous aolnticm indicate the presence of 
open-chain forms ; aldoses gave negative results (Bednarezyk €t ai., 
1038). Solutions of glucose and arabinose in CO per cent, sulphuric 
add gave an ultraviolet absorption spectrum containing the band 
characteristic of the oxo (carbonyl) group (Pascu tt ai., 1948). 
Aldoses in solution contain a form vriikh is reducible at tbe dropping 
mercury electrode (Cantor et ai., 1940). Although the nature of 
this reducible form has not been established, it is probably the 
open-chain form, dther free or hydrated- Furthermore, a relation- 
ship was shown to exist between the amount of this reducible form 
and the rate of mutarotation. One interpretation of this observa- 
tion is that the reducible form is an intennediate in mutarotation. 
Rate constants for the conversion of the ring forms of aldoses to 
tbe open-chain form have been calculated from polarographic 
measurements, and it has also been shown that the energy of 
activation required to open the pyianose ring is the same for glucose, 
mannose, galactose, arabinose and atylose (Delahay ti ai., 1962). 
It is interesting to note in connection with this problem of the 
existence of tlM epeixhain structure, that aidef^dthtugan, ia., 
aldoses in whkh the aldehyde group is present, can only be uolat«d 
if all the hydroxyl groups in tbe form are " protected " ; 

e.g., Wolfrom (1929) prepared 2;3;4:6:&-penta-acetylaldehydoglucose 
as follows : 


I 

H—0 — OH 
HO— i— : 


-H 


OH(SOH,), CH(BCH,), 

H— 0— O-CO-OH, 
I (CH«-coho CHj-CO'0-0 — H 

H—0— OH H— 0— OCO'CH, 

I I 

H—C—OH H— 0— O-CO-CHj 

I I 

OH, OH 0H,0-C0’0H, 

ghjcoM dimethyl 
mercaptal 

CHO 


K,0/C<C0, 


H— C— OCO'OH, 

cnjco-o— c— H 

I 

H— O— O-COCH, 
II— C— O-CO-CH, 
cn,0'Co*CH, 
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explained the existence of these two isomers by snggesting ring 
strnctures for the two methyl glucosides, vu., 



CH,OH OHjQH 

metfay] a-t>gliKo«ide toethy) p-D>g]uco«id0 


Fischer assumed that these methyl gincorides vrero fivo-memhered 
ring systems, basing his assumption on ToUens’ suggestion {|2). 
As we shah see later (§7a), Fischer’s assumption Is incorrect. 

The non-sugar part of a glycosdde is known as the agfycm (or 
og/ycone), and in many giycosides that occnr naturally, the agiycon 
is often a phenolic compound (see §24). 

Fischer (1804) found that methyl et-i>>giucoside was hydrolysed 
by the enzyme maltase. and the j^D-glDCosde by the emyme 
emulsin. Furthenno r e, Fischer also found that maltase would not 
hydrolyse the ^-giucosido, and that emulsion would not hydrolyse 
the a-ghicosid^ Thus the twro isomers can be distfngulsbed by 
the specificity of action of certain enzymes (see also §16. XIH). 
A n nstrong (1903) followed these enzymic hydrolyses polarimetrio 
ally, and showed that methyl a-D-glucoside liberates a-D-glucose, 
and that the jd-glucoside liberates ^D-glucose ; Armstrong found 
that hydrolysis of the a-glucosfdc produced a '* downward ” mata- 
rotation, whereas that of the )J-gloccside produced an '* upward ” 
mutarotation. It therefore follows that cc-D-gincose is stereo- 
chemlcally related to methyl a-i>-glucoside, and ^D-glucose to 
methyl ^D-glucoside. 

§4. Confl^uratlon of Cj in jocose. The configurations of Cj 
in a- and y?-D-glucose have been written, in the foregoing account, 
as : 

i ? ! ' 

a-isomer 
I 


p-Uomer 

n 
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The question that now confronta us is : What justification is there 
for thiq choice, i^., what is the evidence that enables us to say 
that the a-isomer (characterised by certain physical constants) 
actually has the hydrogen atom to the left and the hydroxyl group 
to the right ? Hudson (1909) proposed the empirical rule that of 
an et, ^ pair of sugars in the D-series, the a-isomer, which has the 
higher dextrorotation (t^., this phjrsical constant decides which of 
the two is to be designated a-), has the hydrogen to the left (t^., I) ; 
the ^isomer consequently has the hjrdrogen atom to the right (II) . 
Thus a-D(-|-)-glucose la the isomer with the specific rotation -fill", 
and ^D(-f )-gincose is the isomer with the specific rotation 4-19-2°. 
If the D-ffugar has a negative rotation, then according to the em- 
pirical rule, the ^isomer has the bighw negative rotation {i^., the 
lesB positive rotation), e.g., a-D(— j-frnctose is the isomer with the 
specific rotation —20°, and the ^isomer —133°. In the L-sugars, 
the a-isomer is the one with the higher Iffivorotation, and the other 
is the ^isomer ; thus the a-forms (and the ^fonns) of the d- and 
L-serie» are enantiomorphous. 

Bfieselcen (1913) found that when boric add is added to a solution 
of a cyclic l^-gl^I, the electrical conductivity of the solution is 
greater than that of iMric acid itself, and that the inaoase is greater 
for the ^msomer than for the trans- (see VoL I). This phenomenon 
has been used to distinguish between the two anomers of D-glncose ; 
the results obtained showed that the condoc ti v it y of the isomer 
called the a (from the above empirical rule), in the presence of boric 
add, decreased during mutaxotation, whereas the conductivity of 
the ^4somer increased. This suggests that the a-isomer has con- 
figuration in, and the ^-isomer IV. Thus we now have physico- 
chemical evidence that the 1 :2-hydroxyl groups axe in the cw-positlon 


I 

H— 0— OH 

1 

H—O— OH 
■ 0 

I 1 

in 

m the a-isomer, ij., there is now some Mn^ n nintRl evidence in 
support of Hudson's empirical rnle. These configurations have been 
confirmed by further work, $.g., Rflber (1931) found that, in general, 
freat-compounds have a higher molecular refraction than the cor- 
responding CTi- ; the molecular refraction of ^i>-glucose is greater 
than that of the a-isomer, and so agrees with the results obtained 
by the conductivity experiments. The strongest bit of evidence 


H— 0~0H O 


rv 
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for the configurations of the a- and /J-isomer* has been obtained 
from X-ray studies of a-D-glucose (sco 57f). 

55 . Hudaou*B lactono rule. Hudson (1010) studied the rota- 
tion of the lactones derived from the aldonic acids. Using the 
usual projection formulae, the lactone ring will be on the ri^t or 
left according as the hydroxyl group on C^ (U., the y-hydroxyl 
group) fa on the right or left, i>., according as has a dtxiro or 
Ixvo configuration ; 


r -1 

— 0 ,— 1 

1 ? 

1 - 0 ,— 

r 0 

0 r 

-r 1 

1 -r 

1 

dextroroUttory 

1 ' ” 

lijvorotalory 


From an cxandnatlon of 24 lactones derived from aldonic tcMs, 
and assuming that they were y-lactones, Hudson concluded that 
if the lactone ring was on the right, the coropound was dextro- 
rotatory ; if the ring was on the left, then hevorotatory. 

§6. Hudson's Isorotatlon rules, Hudson (1900, 1930) applied 
the rule of optical superposition ( 512 . 1 ) to carbohydrate chemistry, 
and hfa first application >Va5 to the problem of the configuration 
of Cl in the anonwrs of aldoses. Hudson pointed out that the 
only structural diflerence between the a- and /9-anoracrB (of sugar* 
and glycosides) fa tho configuration of Cj. Thus, representing 
the rotation of terminal g r oup as A and that of the rest of the 
molecule as B, and then taking the cc-anoroer as the one \Tilh the 
higher positive rotation (in the D-«ertes) we have : 



Molecular rotation of tho a-anomcr - + ^- + 2 
» r. » A* M - - A + B 

Thus in every pair of a- and ^-onoroers the following rales will 
hold *. 
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RmU 1. The ffuin of the roolecular rotations (2B) will be a 
constant value characteristic of a particular sugar and indq)endent 
of the nature of R, 

RuU 2. The difierence of the molecular rotations (2A) will be 
a constant value characteristic of R. 

As we have seen, the rule of optical superposition does not hold 
exactly (due to neighbouring action, etc, ; see J12. I). In the 
sugars, h o wev er , the rotation of Cj is affected only to a small extent 
by changes in the rest of the molecule, and vice vena. This is 
illustrated in the following table, from which it can be seen that 
the sum of the molecular rotations (2B) for varions pairs of ghico- 
pyranoaide anomers is fairly constant. 


nbetitoent 


1 Ma 

Ua + M;) - SB 

OH 

+ SOI 

+ M 

1 + 330 

OCH, 

+ #08 

— M 

+ #43 

OC^4 

, + 3U 

— C8-5 

+ S4A-5 


These isorotation roles have been used to ascertain which of an 
anomeric pair of glycosides is a and which is and to determine 
the type of glycoside Hnlg in disaccharides and polysaccharides. 

§7. Methods for determining the slxe of sugiu’ rings. As 
pointed out previously, Fischer followed Tollens in piroposing the 
y-oxide ring. There was, however, no experimental evidence for 
this ; the y-hydroxyl group was chosen as being involved in ring 
formation by analogy with the rea<fy formation of y-lactones from 
y-hydroxy-adds. The problem was further complicated by the 
fact that Hudson et al. (1016) isolated four galactose penta-acetates, 
none of which had a free aldehyde group. Furthennore, these four 
compounds we r e related to e^irh other as pairs, O., there were two 
a- and two ^isomers. The only reasonable explanation for this 
was that there ore Uro ring systems present, but once again there is 
DO evidence to dedde the actual idies of the rings. 

The original experimental approach to the problem of determin- 
ing the sire of the ring present In sugars consisted essentially in 
studying the methylated sugars. A more recent method uses the 
n>ethyl glycosides (for this method, see 57g). Since methyiation 
Is so important in the original method, the following a c co un t de- 
scribe* briefly the methods used. 

(i) Purdis’s method (1903). The sugar is first converted into the 
corresponding methyl glyo»lde (methanol and hydrochloric add). 
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and this is then heated with methyl Iodide in the presence of dry 
silver oxide ; thus ; 


CHOHn 

Un 

I I 


ua 


f I a„, 1 

OHOH 9 ' OHOCH, O+Agl 

i I 


Purdio’s method is only aj^ilkable to glycosides and other daiva- 
tives in which the reducing groiip is miKsing or has been protected by 
substitution, Mcthylation of a free reducing sugar by this method 
would result in the oxidation of that sugar by the silver oxide. 

In certain cases, thalloas hydroxide may be used instead of 
silver oxide (Fear gt al., 1020). 

(U) HawniKt method In this method methyl sulphate and 

aqueous sodium hydroxide are added to a wcli-stirred sugar solution 
at such a rate that the liquid remains practically neutral: 


(^HOH + (CHJtSO, + NaOH-,- inOCH, + CH,KaSO, + H,0 


This method is directly applicable to all redudog sugars. 

(Ui) More recent method of methylatlcm xise sodhim and methyl 
iodide m liquid ammouia, or dlaxomethane in the presence of moisture. 

Having obtained the fully methylated methyl glycoside, the 
latter is then hydrolysed with dilute hydrochloric add, vfhoreby 
the glycosidic methyl group is eliminated. A study of the oxidation 
products of the methylated sugar then leads to the size of the ring. 
It should be noted that throughout the whole method, the assump- 
tion is made that no methyl gro u ps migrate or that any change in 
the position of the oxide ring occurs (see, however, later). The 
number of methyl groups present in the methylated sugar and the 
various oxidation products are determined by the Zeisel method 
(see VoL I). Also, these methyl derivatives are often purified 
by distillation in vacuo. 

|7a. Pyranoae etructure. This structure is also sometimes 
referred to as the d-oxido or angrlcne oxide ring. As an example 
of the method used, we consider the case of D(4-)"ghico5e 
(Haworth and Hirst. 1027). D(-f)-Gloco«e, I, was ^ 

methanol solution in the pres e nce of a small amount of hydro- 
chloric add, and the methyl i>glaco3lde, II, *o produc^^was 
methylated with methyl sulphate in the fcesenco of sodium hy^x- 
ide to give methyl tetramethyI-i>^ucoaide, HI, and tHs^ 
lysis with dilute hydrochloric add, gave tetramethyl-i>-^ucose, . 
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When this was di^lved hi water and then oxidised by heating with 
of bromine at 00®, a lactone, V, was isolated and this, on 
{urther oxidation with nitric add. gave iqrlotrimethoxyglutaric add, 
VI. The stnicture of this compound is known, since it can be 
obtained directly by the oxidation of methylated xylose : thus its 
structure is VI (see also 57d). The structure of this compound is 



00»H 

VI 


the key to the determination of the size of the ring in the sugar. 
One of the carboxyl groups in VI most be that which is combined 
in the formation of the lactone ring in the tetramethylglnconolac- 
tone, V. The other carboxyl group is almost certainly the one 
that has been derived from the non-methylated carbon atom, 
from the CHOH group that is involved in the ring formation in the 
sugar. Therefore there most be thru methoxyl gro up s in the 
lactone ring. Thus the lactone cannot be a ydactone, and conse* 
quently C, must be involved in the ring formation. It therefore 
follows that the lactone, V, most be 2:3:4:0-tetra-O*methyl-i>- 
glnconolaclone. Working hackteards from this compound, then IV 
must be 2:3:4:6-tetia-0-methyl-i>-glocose, 111 methyl 2:3:4:0-tetra- 
0-roethyl-i>-gluco5lde, II methyl D-glncopyranoaide, and I D-glnco- 
pyranose (see §7f for the significance of the term pyranose). It 
should bo noted that the question os to whether the sugar is a or ^ 
has been ignored ; start^ with either leads to the same final 
results. The foregoing experimental results can now be represented 
bj’ the following equations : 



I n III 





There is a alight possibility that the ring might have been an 
e-ring, the oxide ring involves Cj and C,. and that C, is con* 
verted to the carboiyl group with loss of C,. Haworth, however, 
made certain that this was not the case by the following method. 
Had the ring been 1:6-, then 2:3:4:6-tetramethylgIuconic add, VII, 
would have been obtained (instead of V). VH was obtained by 
Haworth et al. (1027) from melibiose and gentiobiose (see §518, 10) 
and, on oxidation, gave tctramcthylsaccharic add, VIII, and not 
the dicarboxylic add, VI. 

CWjH 

H — I — OOH, 

OHjO H 

H OOH, 

H“^ ~”OOHj 
OH, OH 
VU 



CO,E 

vm 
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Thus there is a lJ5-ring in the tetramethylgiucooolactono, fetra- 
O-methyiglucose, methyl tetra- 0 -meth 5 dglncoside, methyl gtacoside, 
and ihereforg in glucosa itself. This conclusion is based on the 
assumption that no change hi the ring position occurs during the 
methylation of glucose. Thus ^ucose is a d- or pyranose sugar. 

By oimflar methods it hnn been shown that heiosea and pentoses 
all possess a pyranose structure. There is also a large amount of 
evidence to show that the ojdmes, phenjdbydraxones, and osaiones 
of hexoses and pentoses are also cyclic, but there is some evidence, 
however, for open-chain formnla as well, e.g., the oxime of 
glucose : 


(jm=NOH 


(CHOHh ^ 

(CHOH), 0 

i 1 

OHjOH 

CH 1 


iu,OH 


$7b. Fumnoae structnre. This g tm c tnr e is also sometimes 
referred to as the y-oride or butylene made ring. Fischer (1914) 
prepared methyl D(-b)-glacoside by a slightly modified m^od, 
ru., by dissohring D(-i-)-gIucoso in methanol, adding one per cent, 
hydrochloric add, and then allowing the mixture to stand at 0" 
(instead of refluxing, as in his first procedure). On working up the 
product, he obtained a syrup (a crystafline compound was obtained 
by the first procedure). Fi^er called this compound methyl 
y-glucoside, and believed it was another isomer of the a and /5 forms ; 
t>ii* is the significance of the symbol y as used by Fischer. This 
syrup, however, was subsequenUy shoro to be a mixture of methyl 
a- and ,fl-glucofuianoaidea, i.e., this glucoside contained a y- or 1;4- 
ring (Haworth tfl., 1927). This syrup, I, when complete^ methy- 
lated (methyl sulphate method), gave a methyl tctra-0-methyl-r>- 
giucoside, H, and this, on hydrolysis with dilute hydrochloric add, 
gave tetra-<>-methyl-i>-glucose, IIL On oxidation with bromine 
water at 90“, III gave a crystallme lactone, IV, and this, when 
oxidised with nitric add, gave dlmethyl-r>-tartaric (dimethoxy- 
sucdnic) add, V. This compound (V) is the only compound of 
known structure, and is therefore the key to the detcnninatlon of 
the fiiic of the ring in the sugar. Working backwards from V, then 
TV is 2:3:5:6-tetra-0-methyl.i>-glaconolactone, m is 2:3:fi:fi-tetra- 
0-methyl-i>.giuco3e, n is methyl 2:3Ui:6-tetra-0-methyI-D-gIucoside, 
and I is methyl D-glucofuranoside, If we write D-glucose as 
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D-glucofuranose, then tha foregoing reactions may be formulated 
(see §7f for the meaning of furanose): 



OH, OH OH,OH CHjOOH, 

D'glueofaranose I 11 



These reactions prove that I, II, III and IV all contain a y-oxido 
ring, i^., the methyl glncoside, I, frtpared ai (f, has a l:4-ring. 
This then raises the question : What is the sire of the ^ 
glucose itself? Is it 1:4 or 1:5? Preparation of the methyl 
glucoaide at reflux temperature gives the l: 5 -compcamds (8« §7a) , 
preparation at 0" gives the l: 4 -compounds. It is th^y n ot 
possible to say from these experiments whether glucose its^ex^ 
in the pyranose (1:5-) or furanose (1:4-) forms originaUy, or whether 
these two forms are in cquillbrluin. Furtbff infor^uon b neccs- 
sary to supply an answer to these questions. As we s©* 
later, the normal form of a sugar is the pyranose 
§7f) ; pyranosides are often referred to as the ' normal glycos^. 

By itiTnnflr methods it has been shown that heioses ^ 
give methyl glycosides possessing a furanose structure wnen 
prepared at 0“ (or at room temperature). 


57c. Determination of rlntf alze by 
matlon. As we have seen, giycadde formation at r^wc para 
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tore leads ultnnately to a methylated d-lactone, whereas at 0^ a 
methylated y-lactone Is obtained. Haworth (1927) examined the 
rates of hydration of thcsse two types of lactones to the open-chain 
adds ; the rates were roeasored by changes in the rotation or 
conductivity. Haworth found that the rate of hydration was much 
faster in one series than In the other; the ^-lactones were con- 
verted almost completely to the acids, whereas the y-lactones were 
converted at a much slower rate (see Fig. 1). Thus, by comparing 



Fio. 7.1. 


I y-mnimolactoiie 
n y-galactonolactooe 
ni y-ghiconolactono 

IV d-mannoQolactooe 

V d-gIncoDolactone 
VT d-galactonolactona 


the stabilities (to hydration) of the various methylated lactones, 
it is possible to say whether the lactone under investigation Is or 
d-. It Is very important to note that this method easily dMin- 
gnishes a y a ^lactone, but it does not prove one to be y- 
and the other d*. The actmd nature of the lactone was proved 
chemically ; the fast-changing lactone was shown to be the d-lactone, 
and the slow-changing one the y (the chemical evidence was ob- 
tained by the degradative oxidation already described). However, 
having once established the relationship between the rate of hydra- 
tion and the nature of the lactone, e.g., in the case of glucose, man- 
nose, galactose and arabinose, the property can then be used to 
determine the sire of the ring in an unknown lactone of a sugar add. 


CHO 



h-OU 




l_]i 

f- - 

«_on 

1 



cii|On 


H- 

CHjO- 

cu,o- 

H- 


-ocn, 

-H 

-H 


cn,ooii, 


D-gaIacto*Q (+)-lactoDe; 

(op«n-chaio) l-Uctooe 


1 1 

?0 

0 


1 011,0 





0011 , 


cn,ocH, 

(-)-UctoDe; 

y-laetoM 
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CorrelatioB between the above scheme and Hudson's lactone mle 
has been demonstrated in certain cases, e.g., galactose. Prepara- 
tion of the methyl galactoslde at reflux temperature, then methyla- 
tion, hydrolysis, and finally oxidation with bro mine water, leads to 
the formation of a methylated lactone which is dextrorotatory, and 
since it is a rapidly hyrhated lactone, it must be Preparation 
of the methyl galactoslde at 0®, etc., leads to the formation of a 
raeth 3 dated lactone which is hevorotatory and is very stable to 
hydration. Thus, this lactone will have the ring to the left (Hud- 
son's lactone rule), and hence most be a y-lactone ; at the same 
time, since it is a slowly hydrated lactone, it mnst be y- (see the 
above formulae). 

§7d. Pyranose and furanose atructures of pentoaea. The 
methods used for determining the size of sugar rings have been 
described with glncose (an aldobcxose) as the example. It is also 
instructive to apply these methods to the aldopentoses, 
Arabiiiosc been chosen as the example, and the following 
equations and footnotes should now be readily followed : 

(i) Glycosidi formation at rejiux Umperaitsr* (Haworth et ol., 18^. 

I is L(4')-arabmopyrano5e. and since it is igtOrmtiaiory, the ring 
has been drawn to the rigAf. This way of drawing the projection 
formula is based on the observation of Haworth and Drew (1923), 
who pointed out that if a ring in a sugar is I (i.s., ^), then Hud- 
son's lactone role holds good for sugars as for y4actone*. 

n is 2:3:4-tri-0-methyl-L-arablnose. 
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III is 2:3:4-tri-0-methyi-L-arabiiiolactone ; it is a <5-lactone as 
shmra by oxidation to IV, and also by the fact that it is of the type 
that is readily hydrated. 

IV a 2:3:4-L-arabinotrimethoxyglutaric add (this is the key 
compound). 


fii) Glycosid4 formaiion eti room tempfraiitre (Haworth et aJ., 
1025, 1027). 

V is L-orabinofuranose. 

VI is 2:3^tTi-0-methyl-L-anibinose. 

VII is 2:3dWxl-0-methyl-L-arabinolactone (Hudson's lactone rule, 
and is slow-changing type). 

VIII is diraethyl-D-tartaric add (this is the key compound). 


I 1 

CHO 


H 

3 

IHO- 




^^ (BCHfOn/HQ. It* 
_H mfCH*SO«/Krf»Tl 
(Oiiia 


H- 

> 

CHjO- 


cn,0H 

V 


V*" 0 


II- 
CHjO- 


-OCH, 

-H 

-H 


-OCH, 
-H 
-H 
CH|OOIIj 
Vll 


H 

CHjO 


CHjOCH, 

VI 

<?0,H 
OCHj 


-H 

(io,n 

VIII - 


57e. Retose ring structures. Only D-fructosc wiH be con- 
sidered ; the method is essentially the same as that for the aldoses, 
but there is one important variation, and that is in the oxidation 
of the tetnunethylfructose. This cannot be oxidised by bromine 
vi-ater as can the tctramethylaldosc ; the fructose derivative is 
first oxidised ^s^th dilute nitric add and then with add per- 
manganate, and by this means the betone is obtained. The 
betone is then further oxidised by moderately concentrated 
nitric add. The following equations and footnotes expbin the 
method, but before giNing these, let ns first consider the way of 
writing the projection formub of the ring structure of fructose. 
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The usuaJ open-chain formula is I, and to form the rinR the ketone 
group is involved with C, in the pyranose form, and with C, in the 
furanose form ; each of these can exist as the a- and ^-isomers. 


CH.OH 



1 


II 


a'forro 



6'forra 0-form 

When the ring Is closed, U the hj'droxyl group is drawn on 
the ri gh t, this will be the a-lsomer (the CH|OH group now replaces 
a hydrogen atom in the aldoses). Furtbennore, sin ce n-fmcto- 
pyranose Is hevorotatory, the oxide ring Is drawn to the left (see the 
comments on L(-f)-arabbcif 7 Tacos 8 , pd). Thus a-nf— )-fructo- 
p^Tianose is II, and ^d(— )- fnictop 7 ranosc is IIL The furanose 
forms are obtained in a ithrulnr manner, but iu this case the ring 
must be written to the right since the hydroxyl group on C, is on 
the right; thus ^D-fructofuranosc is IV (see also sucrose, 5^3). 

(i) Glycosida formation at reflax temperatnre (Haworth et el., 
1926. 1927). 

V is ^d(— )- fructopyTuno6e. 

VI is metlg’l ^D-fructopyranoside. 

vn is methyl l’.3:4:6-tetra-0-tDethyl-^i>-fni<^^hwkie. 

Vm is l:3:4:5-tetra-0-inethyI.^D-fmctose. 

DC is 3:4:5-tri-0-metliyl-jJ-i>-frnctnron^ add (as lactol). 
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X is 2*^:4-tri-0-inethyl-D-axabinolactone ; this is a qaick- 
cbanging lactone, and is therefore a d-lactone. 

XI is D-aiabinotrimethoxyglntaric add. 




(li) Glycotidi formalion al room (emfxraturt (Haworth el al 

1027). 

XII is ^rv-froctoforanosc. 

XIII is U:4:C-tetra-0-fnetb>1*^D-fnjctose. 

XIV is 3:4r0-lri-O-methyl-^-i>*fnictaroiilc add (as lactol). 








XV is 2:3:6-tri-0-mcth5rl-D-axablDolflctone ; this is a sIott- 
changing Uctooe, and so is 

XVI is diraethyl-L-tartaric add, 

§7f. Conclusion. From the foregomg accotmt it can bo seen 
that the sugars exist as ring structures and not as open chains. 
Haworth (1920) therefore proposed a hcxagonaJ formula for d-sugars 
based on the pynm ring, 1. The problem now £s to convert the 
conventional planonhagrams that we have been using into the 
pyranosa formula. Let ns take a-i>^ucopyTnnose, II, as onr 
example. The conventional tetrahedral diagram of II is III 

(see §5. n). Examination ofUIahowB that thepoint of attachment 
of the oxide ring at Cj is belov the plane of the paper, and that at 
C| it is above the plane of the paper. If the tetrahedron with C* 
at its centre is rotated so that the point of attachment of the oxide 
ring is placed belcv the plane of the paper, III will now become IV , 
and the oxide ring will now be perpendicular to the plane of the 
paper, tji., perpendicular to the plane containing ell the other 
groups (these all lie In a plane above the plane of the paper), "^e 
f-rrn v CTtirmni plano-diagTam of IV is V, but in order to emphasise 
the fact that the oxide ring is actually perpendicular to the plane 
of the paper, the part of the ring lying bdow the plane of the paper 
is shown by a broken line (the true plane-diagram should bave a 
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nonnal Use dfuwn as in II). Compansos of V with n shows that 
where the CH|OH was ori^lnaUy is now the point of attachment of 
the oxide ring, the CH/DH occupying the position where the H 
atom was, and the latter now where the oxide ring was. Thus, 
if we consider the conversion of II into V without first drawing 
in and rV, then in effect t 90 Walden inversions have been effected, 
and consequently the original confignration is retained- V is now 
transformed into the perspective formula VI by twistin g V so that 
the oxide ring is perpendicular to the plane of the paper and all 
the other groups are joined to bonds which axe parallel to the plane 
of the paper. By convention, Cj is placed to the right and the 
oxygen atom at the ri^t-band side of the part of the ring furthest 
from the observer. Sometimes the lower part of the ring, which 
represents the part nearest to the observer, is drawn in thick lines. 
Thus, to change V into VI, first draw the hexagon as shown in VI, 
and then place all the groups on the left-hand side in V above the 
plane of the ring in VI ; all those on the right-hand side in V are 
placed below the plane of the ring in VL VII represents a " short- 
hand representation " of i>^hicose. 

In a similar maimer, Haworth proposed a five-membered ring 
for y-sngars based on the fnran ring, VIII. Using the above scheme 
of transformation, the plane-diagram of methyl ^D(-f)-gluco- 
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furanoside, IX, is first changed into X (ppo chan©a are carried out), 
and then X is twisted so as to be represented by XI, in which the 
oxygen atom is furthest from the observer. 



H OH 
XI 


T^vo other examples which lUnstrale the converskm into the 
perspective fonnula are : 

(1) a-D(— )-£roctopyrttno80. 



OH H 
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(U) Methyl p-D{+)-fructofurano«Ide. 



CH,0- C—CH,OH| 



-H 1 


0 

—OH j 

r, 

1 

H • 

4 

i 



Actual tlze of au^ar Since gl 3 nxiside formation under 

different condhionB gives compounds con taming different aiced 
rings, the important question then is : What is the size of the ring 
in the original mgar ? CbddatioD of an aldose with hypobromite 
prodaces an unstable d-lactone ; this is the first product, but 
slowly changes into the stable y4actone (Hudson, 1032). It there- 
fore follows that the sire of the ring in normai sugars is pyranose. 
By analogy, ketoses are also believed to exist normally as pyranose 
compound This pyranose structure has been confirmed by X-ray 
ana^^ of various crystalline monosaccharides (Cox, 1936). 
McDonald rf of. (1&50) examined a-D-glucose by X-ray analysis, 
and confirmed the presence of the six-member^ ring, the con- 
figurarion as found chemically, and also the or arrangement of the 
IdZ-hydroiyl groups in the a-fonn. Efland ri el. (1060) subjected 
difructose strontium chloride dihydrate to X-ray analysis, and 
showed the presence of a six-roembered ring, and confirmed the 
configuration found chemically. It might be noted here that 
furanose sugars have not yet been isolated, but some furanosides 
have. It is also interesting to note that apparently fructose and 
ribose alteayt occur in com poun ds as the fmanose structure. 

J7g. More recent methods for determining the stxe of the 
ring In augare. These methods make use of the fact that periodic 
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add splits ld!-glycols (Malaprade, 1028) ; Urns periodic add splits 
the following types of compoonds (see also VoL I) : 

RCHOH-CHOH-R' R-CHO + R'-CHO 


RCHOH-COR' - 
R-COCOR'- 


- R-CHO + R'-CO,H 
► R-CO.H-f R'-CO.H 


Thus a free sugar is broken down completely, e,g., 
CH.OH-CHOH-CHOH-CHOH-CHO H-CHO + 4H-CO,H 

In all of these reactions, one molecule of periodic acid is used for each 
pair of adjacent alcoholic groups (or oxo groups). Thus, by esti- 
mating the periodic acid used, and the formic add and fonnalddiyde 
formed, the number of free adjacent hydroxyl groups in a sugar can 
be ascertained. Hudson (1937, 1939) oxidised " normal ” methyl 
a-i>-glucoside, I, with periodic add, and found that two molecules of 
periodic odd were consumed, and that one molecule of formic add 
^va8 produced. It should be noted that although periodic add can 
completely degrade a free sugar, the oxide ring in giycoaides is 
suffidently stable to r«ist opening by this reagent The first pro- 


1 — ^ 

H— C— OCHi 

H-C— OCHi 

1 

H— C— OH 

OHO 

— 4- — ( 

HO— C— H 
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1 
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dnct of oxidation of methyl a-D-glacoaide was D'-methoxy-D- 
hydroxymethyldlglycolaldAj^e, II, and this, on oxidation with 
bromine water in the presence of atrontlom carbonate, gave the 
crystalline salt. III. in, on addification with sulphuric acid (for 
hydrolysia), followed by further oxidation with bromine water, gave 
oxalic add, IV, and d(— )-gl 3 ixeric add, V. Isolation of II, III, 
IV and V indicates that the ring in I is d- ; this is also supported 
by the fact that only one carbon atom was eliminated as formic 
add, and thai: two molecules of periodic add were consumed. 
By experiments, it has been shown that all methyl a-D- 

bexosldes of the “ normal ” typo consume tz9o molecules of periodic 
add and produce one molecule of formic add, and all also give 
products II, III, IV and V. Thus all these hexosides must be slx- 
membcred rings, and also It follows that all " normal ” methyl 
a-pyranosides have the same configuration for Cj ; this has already 
been shown to be VL 


H— Cb—OOHj 

Ty 


VI 


Similarly, all /^<ompounds, on oxidation with periodic add, 
give the stereoisomer of II, L'-methoxy-D-hydroxymethyldl- 
glycolaldehyde. 

Aldopentopyrunosides also give similar products as those ob- 
tained from the aldobexopyranosides, t.g., methyl a-n-arabino- 
pyranoside, Vn, gives n'-methoxydiglycolaldehyde, VIII. Since 


H— a— OOHj 
HO— y— H 
H— OH ‘ ' 
OH 

OHi * 

vn 


!iS2i^ HCOjH + 


H— 0— OOHj 

I 


OHO 


(jJHO 

OH,— 

vni 


all methyl a-r>-aldopentopyranoside8 give the latns dlgiycolaldehyde, 
they too have the same configuration for Cj, xfix„ VI. 

When hexofuranosidcs, i.»., the “ Hbnnr rnal " glycosides, are 
oxidised with periodic add, two molecules of add are consumed 
and one molecule of formaldehyde is fonned. These results are 
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in keeping with the presence of a five-membered ring, e.g., methyl 
a“i>-gIacofuraiio3ide. 



H— OH OHO 

c5t,OH H'OHO 


Oxidation of methyl a-D-orabinofuranoside, IX« consumes ofw 
molecolo of periodic add, and no carbon atom is eliminated (either 
as formaldehyde or formic add) ; thus the ring is five-membered 
Furthermore, since the dialdchyde II obtained is the same as that 
from methyl a-D-glucopyranoside, I, the configuration of C] is the 
same in both I and IX. 



There appears to be some doubt about the structure of IL 
Various formulae have been proposed (Hurd et aL, 1953 ; Smith 
et td., 1956), and Mester H el. (1967) have obtained evidence that 
of these structures the cyclic hemiacctal (Ho) is the most likely. 
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Hcragh d al. (1950) have carried out periodate oiidatlona on 
phenylosaiones of reducing monosaccharides (X) and obtained 
formaldehyde, formic add and mesoxalaJdehyde l;2-bisphenyl- 
hydraxone These authors found that XI is obtained from 


CH=N*NH*Ph 

(l:=N'NH-Ph 

inOH - 

ikoH 

^OH 

iH.OH 


CH=N-NH-PIi 

(!==N-NH-Ph 

(ImO 

XI 


2H-CO,H 

CH,0 


all ntonosaccharides in which C, and C4 are free, and 1 molecule 
of formaldehyde from the terminal CH,OH grxmp when this is 
free. They also showed that the osaxones of the disaccharides 
maltose (§16), cellobiose (§10), and lactose (§17) did not give XI 
but did give formaldehyr^ Thus or C4 are linked in these 
disaccharides. On the other band, the oxidation of the osazone 
of melibiose (§18) gave XI but uo formaldehyde ; thus is 
in this mole^e. These oxidations therefore offer a means of 
difierentiating between the two types of disaccharides. 

§7h. Conformation of pyranoslde rings. Cyclic l:2-glycols 
form complexes in cuprammoniom solutions, a five-membered ring 
being proceed in which the copper atom is linked to two oxygen 
atoms. Furthermore, the extent of complex formation depends on 
the spatial arrangement of the two adjacent h>*droxyl3, the most 
favoured position being that in which the two groups and the two 
carbon atoms to which thty are attached lie In one plane. Since 
complex fonnatkfn changes the molecular rotation, ^e molecular 
rotational shift will indicate the extent of complex formation (c/. 
boric add complexes, |4), Reeves (1060), using this cuprammonium 
complex formation, has shown that the pyranose sugars assume 
a chair form in preference to any boat form wherever both arc 
structurally possible. There are two chair conformations possible, 
and Rec\-es has named these Cl and 1C (one is changed into the 




a 


ic 
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other by ring converrion ; cf. cyclohexane, §11. rV). Reeves has 
foimd that almost all of the D-pyianoses have the Cl confonnation 
and L-pyranoses the 1C. i>*Id^ is an exception in that it has the 
1C confonnation, and D-oltroac (and D-Iyiose) is an cquflibrimn 
mixture of Cl and 1C, 

As we have seen (§2), i>glucopyranoso fs an cquilibriam mixture 
(in solution) of the a- and ^ anomers : the conformations of these 
are : 



a- (38%) 


(9-(0S%) 


Wo have also seen that the more stable Isomer is the one with the 
larger number of equatorial sabetituents, and so the ^fonn can 
bo expected to bo more stable than the a-. Whiffen ci al. (1064) 
have used infrared spectroscopy to distinguiah between «- and 

/J-anomers; the absorption maxima depend on the axial or equatorial 

conformation of hydroxyl groups. 

In general, ^-anomers are more reactive than a-, Bunton 
d al. (1064) have shown that add-catalysed hydrolyEis proce^ 
more rapidly for ^methyl pyranosJdes than for the corresponding 
a-compounds. According to these authors (1066), the hydrolj^ 
proceeds by a unimolecular decomposition of the conjugate adds 
of the pynmosides. The rule-determining step, however, may be 
formulaled in two ways, both of which arc consistent with the 
evidence available at present. 


(I) CHOMo 

in — I 


H 

CH-Qj+Mo 




CH CHOH 
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(ii) CHOMo 




CHOMo CHOMo 


CHOH 


11,6— CH— OMo CHOH 

H/t I 

£ut 

CHOH 


Q + MeOH + H+ 

;h— 1 


On the other hand, axial hydroxyl grtraps are less reactive (to 
esterification and hydrolysis reactums) than equatorial groups 
(§12. rV). In ^pyranosides, the methoxyl group is equatorial and 
50 mechanism (i) would be more in toq^ing with the fact that 
^-anomers are more readily hydrotysed than a- (m which the 
methoxyl group is axial), 

§8, fioPropylldene derlvatlvee of the monosaccharides. 
Sugars condense with anhydrous acetone in the presence of hyd r og e n 
chloride, sutphoric add, etc., at room temperature to form mono- 
and di-^opropylidene (or acetone) derivatives. These are stable 
towards alkalis, but are readily hydrolysed by adds. In the di* 
isopropylidene derivatives, one isopropylidenc gro up is generally 
renurv^ by hydrolysb more readily than the other, and thus by 
controlled hydrolysis it is passible to isolate the mono-wopropylidene 
derivative, e.g., di-i»propylldeneghicosc may be hydrolysed by 
acetic add to the mono-derivative. 

The structures of these iropropylidene derivatives have been 
determined by the methods u^ for the sugars themselves, ij., 
the compound is first methylated, then hydrolysed to remove the 
acetone groups, and the product finally oxidised in order to ascer- 
tain the positions of the methyl groups. Let ns consider D-glucose 
as an example. This forms a dl-iropropylidene derivative, I, which 
is non-redudng ; therefore C, is involved in the formation of I. 
On roethyiatkm, I forms a roonomethyldi-iiopropylldene glucose, 
II, and tins, on hydrolysis with hydnxiloric add, gives a mono- 
mcthylglocose, III. Hydrolysis of I with acetic add produces a 
mono-iwpropyiideneghicose, IV, which is also non-redudng. Thus 
Cj in rV must be combined \vith the Mopropylidene radical. Methyl- 
ation of IV, followed by hydrolysis, gives a trlmethylghicose, V. 
Methjdaticm of V gi\*es a methyl tctramcthylglncoside, and this. 
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on liydrolyaia, gives 2:3:6;6-tetra-0-methyl-D-ghicose, VI, a known 
compotmd {see JTb). Thus V must be 2:3:5-, 2:3:6-, or 3:6:6-tri- 
0-methyl-i>^ucose. Now V forms an osaione without loss of 
any m^yl group ; therefore C, cannot have a methoxyi gro u p 
attached to it, and so V must be 3 : 6 : 6 -trl- 0 -methyi-i>^co 9 e. 
Thus one isopropylldene radical In di-wopropylidenegincose, I, must 
be 3:6-, 3:6-, or 6:0-. Monomethylglucoso, m, on methj^atkm 
followed by hydrolysis, gives 2:3:4:5-tetra-0-metbyi-D-ghicose, 
Vn, a known compound (see f7a). Hence HI mart be 2-, 3-, 
4-, or 0-O-methjd-i>-glucose. Since IH gives sodium cyanate 
•when subjected to the Weennan test (see §11), it therefore 
follows that C, has a free hydrocryl group. Oxidation of HI 
with nitric add produces a monomethylsaccharic add ; there- 
fore C, cannot have a methoi^l group attached to it This 
monomethylsaccharic add forms a lactime which behaves as a 
^lactone ; therefore a methoi 3 ri group cannot be at C 4 . Thus, by 
the process of elimination, this monomethylgiucose, HI, must be 
3-0-mcthyl-D-glacose. It therefore follows that the two tsopropyl- 
idene groups in the di-tsopropyildeue derivative must be 1 : 2 - 
and 6 : 6 -, lie ring being furanose, and the moDO-uopro^dene 
derivative b^ing 1:2-. The foregoing reactions can be written as 
on opposite page: 
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H- 6 -OH H -(^0 If- 

h 4 -OH H- 


HO-Q-H 


(!;h,oh 

tt-D( 4 ^-gl«±co*e 


HO-^-H 

H-? — 

H-Q— 0, 


CHjO-^O-H 




H— 0-0 

h-A-o i 

HO— 0 — H I 

H-i 1 

H-(j)-OH 

CH,OH 

nr 

Ip^ho 


[(0(cwj,so, 

1(B) HO 


CHOH CHOH CHOH 

1 ' * 

H-C-OCH, (M(Cti«>,5o« h-C-OH H-C— OCH, 

I Q on HO ' In I O 

CH,0-C-H I CHjO-O-H I OHjO— C-H 

H— C ^ H— C 1 R-C— OCHi 

1 ' • I 

H-C— OCH, H-0— OCH, H— C 

I I I 

CH,OCH, OH,OCH, CR,OCHj 

; VI V VU 

As a result of much experimental work (of the foreg oin g type), 
it has been found that acetone nsoally condenses with a*-h3rdroi]d 
groups on adjacent carbon atoms, the condensation occurring in 
such a way as to favour the formation of the di-«opropyiidene 
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derivative. For this to occur, the ring often changes me, 
in a-D-galactopyranose, VIII, the hydroxyl groups on and 
are in the cw position, as are also the hydroxyl groups on C, and C,. 
Thus galactose forms the l:2'^:4-di^>wpinpyhdene-i>gakcto- 
pyranose, DC On the other hand, In a-p-gfucopyranose, only 


H— 6— OH 

H— i— 0 

1 

H— 0 — OH 

1 ^OpHJi 

H-0— 0 

HO— 0— H 

) 1 r 

/ 

(OflJjO^ ( 

HO-C—H 

^0-0— H 

XT n 

1 

T 

,OH,OH 

1 

OH, OH 

VIII 

tx 


the two hydroxyl groups on Cj and C, are in the rfs position, and 
thus, in order to form the <i»-wpropylidene derivative, the ring 
changes from pyranose to furunose, the latter producing l:2-6:6- 
di-0*twpropylid«ne-iHglucofartnose (I). The mooo-derivalive is 
liS-O-aopropylidene-E^ucofuranose (TV). Fructose can fonn 
di-iiffpropylideno derivatives which both contain the pyranose 
ring. 


I — 

(ho— C-H 
° H-C-0 

CH, 

l:2-4:3. 


CHjOH 


0-C 

(CH,h< I 


\j— C — H 

(in, 


2-3-4:a- 


59 , Other condensation products of the sugars. Not only 
does acetone condense with sugars, but 80 do other 010 com* 
pounds such as formaldehyde, acetaldehyde and benialdchyde, 
Benialdchyde condenses with two cw hydroxyl groups on 
aUemaU carbon atoms, glucose forms 4 :&'O-bcnxylideD 0 -J> 
glucopyranose, I. ■ x, ^ 

Tripbcnylmethyl chloride reacts with sugars to form tnphroyi* 
methyl ethers ; these are usually known as frifyt derivatives. 
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6hoh 


I 

HO-C 


-i-oj 


H- 
H-C 


CH,0‘ 
I 


/ 


;circ,ni 


n- 

HO- 
H- 

n- 

CII.C-OCCtHa), 

II 


(iHOCIIi 

0— on 
I 

O—II 

I 

(jl— OH 

0 

I 


Trityl ethers are formed mach faster with primary alcoholic groups 
than with secondary, e^., methyl glucopyranoside reacts with 
triphenylmethyl chloride in pyridine solution to form methyl 
0-trityglucopyranoside, IL 

^Toluenesolphonyl chloride (represented as TsCl in the following 
equations) rea<^ %rith sugars in the presence of pjridine to form 
Unyi esters. These esters usually produce epoxy-sugars (onhydro 
sugars) when hydrolysed with sodium methoxide in the cold, 
provided that there is a free hydroxyl group on an adjacent carbon 
atom and that this hydroxyl and the tosyl group are iranx to each 
other : ring formaiion taka piau xeith a Walden i nwrrion at tiu tosyl 
carbon: 


H-i— OH 

HO-l!:— H 

I 


+ Tia 


o.n„x 


H— i— OT» 
HO— i— H 



On hydrolysis with alkali, these anhydro sugars form a mixture 
of tvo sugars, inversion occurring at either carbon when the epoxide 
ring opens (see §6. IV). 



I 


ni rv 

In III the configurations of the two carbon atoms are the same as 
in the original sngar, but in IV both configurations are inverted (to 
form a new sugar). 

When the tosyl group is trans to two hydroxyl groups (on adjacent 
carbon atoms), two anhydro sugars are formed. At the same time, 
however, larger epoxide rings may be produced wiikout inversion. 
Peat H al. (1938) treated 3-to^l methji ^-glncoside (V) with 
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sodium methoxidc and obtained a mixture of 2:5'anhydroaUosido 
(VI : witb inversion), 3;4<anhydroalIoaide (TO ; with inverskm) 
and 3:0«anhydroglucosldo (Vlll ; no inversion). 



It U poesibie, however, by using suitable derivatives of a tosyl ester 
to obtain only one anhydro sugar, e.g., S-benzoyl-S-tosyl 4:5* 
beniylidene methyl ct-glucoside (IX), on treatment with eodiom 
methoxide, forms 2:3-anhydro 4;C'bcntyIldenc methyl a-alloside (X). 



$10. Glycals and glycoeamlnes and anhydro 
Glycals are sugar derivatives which have a pyranose ring sL 
and a double bond between C, and Cp i>>glucal is I. Glycab 
may be prepared by reducing acetobromo compounds (see $24) 
with line dust and acetic add. «.g., D-glucal from tetra-O-acetyi- 
D-glucopyrunosyl bromide, H, followed by hydrolysis of the acetyi 
groups. 

Glycosamines are amino-sugan in which a hydroxyl gn^ 
has been replaced by an amino-group. All naturally occumng 
amfno-engaiB are hexoses, and the amino-group always occurs on 
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Cfc ghicosamine. which occurs in chltin, is 2-aminogtucos«, 
III (see also $23). 


Anhydro tugars. These may be regarded as being derived 
from monosaccharides by the elimination of a molecule of water 
to form an epcodde. The siie of the oxlnm ring varies from 1:2- to 
1:3-. The l:2-anhydro sugars are commonly known as a-glycosans, 
and may be prepared in various ways, e.g., liy heating a sugar under 
reduced pressure (Pictet d ai., 1920). A general method of pro- 
ducing the ethylene oxide series is by the hydrolyais of suitable 
tosyl esters (see $9). 


{11, Vitamin C or L>ascorblc add. Ascorbic add is very 
clc^y related to the monosaccharides, and so is conveniently dealt 
with here. Hawkins (1693) found that oranges and lenums were 
efiective for treating scurvy, a disease perticnl^ly prevalent among 
seamen. The first significant step in dnddating the nahne of the 
compound, the absence of ^vhich from the diet caused scurvy,' was 
that of Holst Eind Frdlich (1907), who produced experimental scurvy 
in guinea-piga. Then S^t-GyOrgi (1928) isolated a crystalline 
substance from various sources, e.g., cabbages, paprika, etc., and 
found that it had antiscorbutic properties. This compound was 
originally called kexuronie acid, and later was shown to be identical 
with vitamin C, m.p. 102^, [alp of +24". 

The structure of vit amin C was cltiddated by Haworth, Hirst 
and their co-workers (1032, 1033). The molecular formula was 
shown to be C^HiO,, and since the compound formed a monosodiom 
and monopotassinm salt, it was thought that there was a carboxyl 
§roup present. Vitamin C behaves as an unsaturated compound 
and as a stro ng reducing agent ; it also forms a phenylhydraxone 
and gives a violet colour with ferric chloride. All this suggests 
that a keto-euol system is present, ia.. 
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lie presence of an aldehyde gronp was eidnded by the fact that 
vitamin C does not give the Schltl reaction. Now, when boiled 
with hydrochloric add, ascorbic add gives a quantitative yield of 
fnrfnraldehydo : 


0,H,0| + 00, + SH,0 

This reaction suggests that ascorbic add contains at least five 
carbon atoms in a straight chain, and fltv> that there are a nninber 
of hydroxyl groups present {cf. the pentoses). Aqueous iodine 
solution oxidises ascorWc add to debydroascorbic add, two atoms 
of iodine being used in the process and two molecnles of hydrogen 
iodide arc produced ; the net result is the removal of two hydrogen 
atoms from ascorbic add, Deh 3 rdroascorbic add is neutral, and 
behaves as the lactone of a monobasic hydroxy-odd ; and on 
reduction with hydrogen sulphide, deltydroascorbic add is recon- 
verted into ascorbic add. Since this oxidation-reduction process 
may be carried out with " mild reagents, it leads to the suggestion 
that since the oxidation product, debydroascorbic acid, is a lactone, 
then ascorbic add itself is a lactone and not an add as suggested 
previously. Since, however, ascorbic add can form salts, this 
property must still be accounted for. One reasonable possibility 
is that the lalt-fonnlng ^jupoly is due to the presence of an $nol 
group, the presence of whlxh has already been indicated. Thus 
all the preceding reactions pati bo explained by the presence of 
an a-hydroityketone grouping in ascorbic add ; 


1 

HCOH 

^=0 

Redudng; 
forzns d 

pbenylhydmione 


-tHiO 



C(OII), 

Li J 


+ SHJ 


The final resnlt is the remova) of two hydrogen atoms to form 


debydroascorbic add, 

C,H,0, + I,-> C,H,0. + 2HI 
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Although all these reactions may appear to be speculative, they are 
known to occur wth dihydroxymaleic add ; hence by analogy with 
this compound, the explanation offered for the reactions of ascorbic 
add is very strongly snpporfedL 

^COjH 

0 

R 

DihydmtymaJeic 

add 

\Vhen dfihydroascorbic add is oxidised with sodium hypoiodite, 
oxalic and L-threonic adds ore prodnced in quantitative yields 
(Hirst, 1033). L-Threonic add, IV, was identified by methylation 
and then conversion into the crystalline amide ; this compound was 
shown to be identical with tri-O-mothyl-L-threonamlde (obtained 
from L-threose). Further evidence for the nature of product IV 
is given by the fact that on oxidation with nitric add it gave 
D(+H*^taric odd. The formation of oxalic and L-threonic adds 
suggests that dehydrcascorbic add is III, the lactone of 2:3-diketo- 
L.golo n ic add. Hence, if we assume that I is the stmctxxre of 
sscorfaic add, the foregoing reactions may be formolated as follows, 
dehydroaacorbic add being formed vU II. 



I n HI IV 


The ring in ascorbic add has been assumed to be five- and not 
lix-membCTcd, because the lactone (/.tf., ascorbic add) is stable 
towards flllndi (c/. §7c). In actual fact, however, the same final 
products would also have been obtained had the ring been six- 
roembered. It must therefore be admitted that the weakness of the 
*hove proof of structure lies in the evidence used for ascertaining 
the size of the ring. Stmctin’e I, however, has been amply con- 
firnted by other analytical evidence. Diazomethano converts 
ascorbic odd into dlmethylascorbic add (V) ; these two methoxyl 
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■ An interesting point about ascorbic add is that it is reduced 
by Hthhim almniniran hydride (Petuely d al., 1062). Thus ascorbic 
add does not contain a ** nor ma l ” carbonyl gro up . It has now- 
been shown that all reductones arc not reduced by lithimn 
‘ CO COH 

ia, fioH 

V 

redactlc add 

aluminium hjfdride. Reductions are compounds which contain 
the cne-flC'diol-a-carbonjd gr oupin g, — CO — C(OH)=C(OH) — , and 
examples of reductioncs are ascorbic and reductic adds. 

Synthesis of ascorbic add. Many methods of syuthesisiiig 
ascorbic add are now available, e.g., that of Haworth and Hirst 
(1033). L-Xylose, X, was converted into l(— )- xyk»one, XI (treat- 
ment with phenyihydradne and then hydrolysis of the osaione with 
hydrochloric add), and XI, on treatment in an atmosphere of 
nitrogen with aqueous potassium cyanide containing cakhun 
chloride, gave the ^-keto-^anide XU, which hydrolyses ^x>n- 
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taneously into /is«fio-l.-ascorbic add, XIII. This, on heating for 
20 hours with 8 per cent, hydrochloric add at 45-50®, gave a quanti- 
tative yield of L(-f )-ascorbic add, XTV. 


CH,OH CELOH CH,OH 



(~)>»orbo«e diaeek>oe-(-)>»orbo*e 
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Ascorbic add is now syntbedsed commerdally hy several methods, 
l>-gIucose is caWytlcally hydrogenated to {+)-sorbitol which 
is ^en converted into {— )-5orbose by microbiological oxidatioai 
(using ActtobacUr tuboxydans or Aceiobeder xyltntm]. (— )-SoTbose 
can be oddised directly to 2-kcto-(— )-gnlonic add with nitric add, 
but the yi^ is less than when the oxidation is carried out as shonoi 
above. Nitric add oxidises other alcohol groups besides the first, 
but by protecting these by means of 2:3-l::6-di-«opropylldene 
formation (§8), the yield of the gulonic add is higher. The gukoiic 
add is then dissolved in mixed solvents (of which chloroform is the 
main constituent) and hydrogen chloride passed in. The product, 
L-ascorbic add, is then finally purified by charcoaling. 


DISACCHARJDES 

512. Introduction. The common dbaccharides are the di- 
hexoseai, and these have the molecular formula CjiHmOu. Just 
as methanol forms methyl glycosides with the cncmosacchaxides, so 
can other hydroxy co mpou ada also form glycosides. The zdqiio- 
saccharides are themselves hydroxy compounds, and so can umte 
with other monosaccharide molecules to form glycosidic linlcs. 
Study of the disaccharides (of the dJhexose typo) h^ shown that 
three types of combination occur in the natural compounds : 

p) The two monosaccharide molecules are linked through their 
redudug groups, e.g., sucrose. 

(n) Cj of one molecule is linked to C4 of the other, e.g., maltose, 

(iii) Cj of one molecule is linked to C, of the other, e.g., mellbiose. 

Since the glycosidic link may be « or then different stcreoiso- 
meric forms become possible for a given pair of hexoses. In group 
(i), there are four forms possible theorethally : af-at» 
nnd In groups (ii) and (iii), the reducing group of the se ^ud 

molecule is free, and so in these two cases there are only two possi- 
bilities : Oj- and A,-. In group (i), since boih reducing groups are 
involved in ^ycoside formation, the resultant disacch^do will 
Don-redudng. In gro u ps (iQ and (iii), since ow reducing group a 
free, the resultant disacchaiido will be reducing, and can exist in 
two forms, the a- and ^ , 1 j •#». 

General procedure. The disaccharide is fiist 
dllnte adds, and the two monosaccharide molecules then identi^ 
One of the earlier methods of separating sugars in a sugarmixtme 
was by fractional cryrtaillsation ; the separaUon and Identiflcation 
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is now carried ont by means of partition chromatograpby. When 
the constituents have been Identified, the next problem is to ascer- 
tain which hydroxyl group of the molecule acting as the alcohol 
(i^., the agiycon ; §3) is involved in forming the glycoaidic link- 
This is done by completely methylating the disacchnride ; the 
methyl glycoakJe (of a reducing sugar) cannot be prepared by 
mwiTu of methanol and hydrocWoric add, since this will lead to 
hydrolysis of the disaccharide, Pnrdie's method cannot be used for 
r^adng disaccharides, since these will be oxidised (see 57). The 
only satisfactory way is Haworth’s method, and to ensure complete 
methylation, this may be foUoved by the Puidie method- The 
methylated disaccharidea are then hjrdrolysed, and the methylated 
monosaccharides so obtained are tovestlgated by the oridation 
methods described previously (see 5§7a, 7b, 7e). Reducing dlsac- 
charides ore also oxidised to the co r responding bionic acid, this is 
then fully methylated, hydrolysed, and the methylated monosac- 
charide molecules examined. By thk means the hydroxyl group 
involved in the glycosidic link and the sixe of the ooddfi ring are 
ascertained. 

The final problem is to dedde whether the glycosidic link is 
« or This is done by means of cnrymes, maltose hydrolysing 
cc-glycosides, and emulrin glycosides {cf. $3). In non-redndng 
sugars, the problem is far more difficult sln» the links aj-ai, 
would aU be hydrolysed by maltose. Consideration 
of the optk^ rotations has given information on the nature of the 
link [cf. §0). Finally, a number of dijaccbarides have been syn- 
thesis^ the acetobromo-sugars being the best starting materials 
(see §24). 

§13. Sucrose. Sucrose has been shown to be a-D-giucopyra- 
nosyl-^p-fructofuranoade. Sucrose is hydrolysed by dilute adds 
or by the eniyme Invertase to an equimolecnlar mixture of d(- 1')- 
glucose and d(— }-£ruct05e. Methylation of sucrose (Haworth 
method) gives octa-O-methylsucrosc and this, on hydrolysis with 
dilute hydrochloric add, gives 2:3:4:0-tetra-0-methyl-i>.glaco5e and 
l:3:4.*6-tctra-0-metliyl-i>-fructo5e. The structures of these com- 
pounds were determined by the oxidation methods previously 
described (see 557a, 7e). Thus glucose is present in the pyranose 
form, and fructose as the furanose. 

Since sucrose is a non-redudng sugar, both glucose and fructose 
must be linked ria their respective reducing groups. The stereo- 
chemical nature of the glycosidic link may bo any one of the four 
possibilities discussed (tee §12), but the evidence indicates that 
it is tt-glucose linked to /5-fructose. Maltaie bj'drolysei sucrose ; 
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therefore an a-link is present. Furthemore, Bince the nratarotation 
of the glucose produced is in a downward direction, it therefore 
follows t^t a-gincose is hTxiratcd at flrti The nmtarotatlon of 
fructose is too rapid to bo followed experimentally, and hence the 
nature of the Ifaiic in this component remains to be determined. 
There is, however, an eniTmo vMch hydrolyses methyl ^iracio- 
furanosides, and it has been found that it olio hydrolyses sucrose. 
This suggests that fructose is present in sucrose in the ^fonn, 
and is supported by calculations of the optical rotation of the fruc- 
tose component. The following structure for sucrose accounts for 
all of the aberve facts : 



Oxidation of sucrose with periodic add confirms this structure 
(but not the nature of the glycoddlc link). Three molecalw of 
periodic odd are consumed, and one niole<^e of formic ^ 
produced. Subsequent oxidation with bromine water, 
h3rdrolyBi3, gives glyoxylic, glyceric and h3rdroxypyruvic aa 
(Fleury et oh, 1942). ** 

Beevers et al. (1947) examined sucrose sodium bromide ^ydrute 
by X-ray analysis, and confirmed the stereochemical conflguxwon 
found chemically, and also showed that the fructose ring ve- 


membered. 

Sucrose has now been ^thesised by Lomieux d (1^» 
l‘.2-Anhydro-a-B-ghicopymnose triawtate and e 

acetyl-D-fructofuranose were heated in a sealed tube a 
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104 hoars. The prodnct, sacrose octa-aatate, on deacetylation, 
gave sucrose. An interesting point abont this synthesis is that it 
was anticipated by Lemietii (1063) on the basis of a conformational 
onalysfa of the properties of the anhydride. 

One other point that is of interest is the “ inversion " of sacrose 
on hydrolysis. Hydrolysis of sncroso gives first of all a-D(4-)- 
ghicopyranose and ^D(4-)-frnctofaranose (this is believed to bo 
dextrorotatory), but the latter is nnstahle and immediately changes 
into the stable form, d(— )-lructopyranose (the rotation of (— )- 
froctose is much greater than that of (4-)-gIucose). 
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§14. TrehaloM. This is beUeved to be a-r^glucopyianosyl- 
a-i>.glucopynmo^e. It is a non-redndng sugar which ocmrs in 
yeasts and ftmgi. It is hydrolysed by hydrochloric acid to tm> 
molecoles of D-glucose; methylatlon of trehalose gives octa-0- 
methyltrehalose tvhich, on hydrolysis, prodnces two molecules of 
2;3.'4;6-tetrad3.methyI-i>.gIucose (see §7a). The nature of the 
glycosidic link is tmeertain, but there is some evidence to show that 
it is aat, e.g., the high positive rotation. Thus trehalose may be 
written : 


I^O=rr- = 0 



OH,OH OH,OH 



§16. Maltose. This is 4-0-a*i>-j5lacopjTaDcsyl-i>^IacopyraiiD^ 
Mahoso is hydrolysed by dilate adds to two molecules of D-glocose ; 
it is a rednemg sugar. tmdergDes motarotalion. aj}d fomts an 
osaione. Thus there is ono free reducing: group present, and since 
maltose is hydrolysed by maltase, the glycoddic link of the nou- 
reduemg half of the molecule Is therefore a-. Complete methyla- 
tion of maltose gives an octametltyl de ri vat iv e which is non-reducing, 
and this, on hydrolysis with very dilute cold hydrochloric acid, is 
converted into heptamcth}dnialtose, which has reducing properties. 
Thus the original octamethyl derivative must be methyl bepta-(?- 
methyl-D-maltoside ; this is further evidence that only oru free 
redui^g group is present in maltose. Hydrolysis of hepta-O- 
methylmaltose with moderately concentrated hydrochloric add 
produces 2;3:0-tri-(?-^nethyl-i>'gIucosc and 2:3:4,'d-tetra-C?-methyl- 
D-glucosc. The structure of the latter is known (see 57a), but that 
of the former was eluddated as follows, Analysifl of the compotmd 
showed that it was a trimethyl derivative, and since it femned a 
phenyfliydrarone but not an oaazone, C* noust therefore be attached 
to a methoj^l group. On further methylatlon, this trimethyl- 
^ucose gave 2;3:4:6-tetra-0-methyl-D-glucose, and so the trimet^ 
co m pound must be one of the following : 2:3:4-, 2:3|6-, or 
0-methyl-n^ucose. Now, on careful oxidation with nitric add, 
the trimethylglucose forms a dimethylsaccharic add. The ad 
contains two t ermin al carboayl groups ; ono has been derived from 
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the free " aldehyde ” gronp, and the other by oxidation at C,, and 
since in its formation one methyl grotip is lost, this dimethyl- 
saccharic odd most have been derived from a trimethyiglccose 
having a methoxyl group at C,. Thus the trimethylglucose must 
be cither 2:3:6- or 2:4:6-tri-0-methyl-D-gIaco3C. On further oxida- 
tion, the dimethylsaccharic add forms dimethyl-D-tartaric add ; 
this can only arise from a precursor with two methoxyl groups on 
adjaceni carbon atoms, and so it follows that the trimethylglucose 
must bo StS.-C-trl-O-mcthyl-D-glucose. This is confirmed by the 
fact that the other two possible compounds, vix., 2:3:4- and 2:4:6- 
tri-0-mcth>i-i>-gIucose, have been synthesised, and were shown to 
be different from the trimethylglucose obtained from maltose. The 
foregoing reactions may thus be written : 



n-LTimeLnyi- a;.>-uuiiouJ7J* 

^cose sacebarie add 


From this it can be seen that structure I for maltose satisfies all 
the above facts. This structure, hov’ever, is not the only one that 
satisfies all the facts. The structure of the non-reducing half is 
certain, but that of the redudng half need not necessarily bo 
pjTanosc os shown in I, since a furanose structure, II, would also 
give 2:3:G-tri-0-iDcthyI-i>-giacose. To dedde whether C4 (as in I) 
or C, (as in II) \vus Involved In the glj*cosidic link- , Havni^ d al. 
(1920) oxidised maltose with bromine water to maltoblonic add, 
in, and this, on mcthylatkm, gave the methyl ester of octa- 
mcthylmaltobionic add, IV, which, on \Tgorous h>‘droly8is, gave 
2JJ).‘0-tctra-O-mcthyI-i>-gIaconic add, V (as lactone), and 2'.3:4:6- 
tctra-O-mcthji-D-ghicose, M. V can be obtained only if maltose 
has structure I ; structure 11 would ha\‘e grvTn 2:3;4:6-tetra-(?- 
mcthyl-D-gluconlc add. Thus maltose is I and not II. Confirma- 
tion of the a-glj*cosklic linkage is afforded by the agreement of the 
spcdfic rotation of maltose with that calculated for structure I, and 
further evidence for the linkage at C4 is as follows. Since maltose 
Is a reducing sugar, C, (of the reducing half) is free, and since 
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maltose forms an osaju)ne, C, is also to, <. 0 ., not combined with an 
alkoxyl gronp. Zemplcn (1927) degraded maltose by one carbon 
atom (see Voi. I), and obtained a co m p ono d which still formed an 
osazone ; therefore C, Is free. On farther degrading by one carbon 
atom, a compound \vas obtained which did net form an osazone; 
therefore C* in maltose is not free (see also JTg). 

Maltose has been synthesised by the action of yeast on n-gincoso 
(Pringsheim d ai,, 1924), and maltose octa-acetate has been synthe- 
sised by heating a mixture of eqnhnolecular amounts of a- and 
^D-glucose at 100®, and then acetyiating the product (Pictet et 
al., 1927). 



n 
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516. Cclloblose (i-O-^D-^iicopj^osyl-D-glucopyranose). Cd- 
lobioso is hj'drolj'scd by dilnte adds to two molecules of D(+)- 
glucosc ; Eitico this hj'drolysis is also effected by cmnlsin, the 
glj^coildiclinkimtstbe^. Cdlobioseisarcdaciiigstigar.andsoone 
reducing group is Iree. Methyiation, followed by hydrolysis, gives 
2;3:C-trlroethyl-D-gluco5c and 2:3:4:0-tetramethyl-D-ghicose (these 
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are the same prodncts obtained from maltose, |15). Oxidation 
with bromine water converts cellobioso into cellobicmic and 
this, on methylation followed by hydrolysis, gives 2'^:5:e-tctra- 
methylgluconic add and 2;3;4:6*tetianiethjdg2iic(we (again the same 
products as for maltose). Thus cdlobiose and maltose differ only 
in that the former has a ^ycosidic link, whereas the latter has an 
a-. Thus cellobioso is (a-form); 



Degradation experiments confirm the Q linVago (see also §7g), and 
the structure has also been confirmed by synthesis {e^., Stacey, 1W6). 


§17. Lactose (4-0-^i>-falactopyranosyl-n*gincopyTanc»e). Lac- 
tose is a rednrfa g sugor, and is hydrolysed by dilute adds to 
one molecule of D(-b)*glacose and one molecule of D{-f)‘galactos«. 
Since lactose is hydrolysed by lactase (which has been shown to be 
identical with the ^-gljxosidase in emulsm), the two monosacchaiide 
molecules are by a ^lycosidic link. The evidence, given 

so far, does not indicate which molecule is the reducing hall On 
methylation, lactose forms methyl heptamethyl-lactoside, and this, 
on vigorous hydrolysis, gives 2:3:6-tri-(?-methyi-i>-giuco3e (see §16) 
and 2-.3:4:6-tctra-0*methyi-D-galact09e ; thus ^ucosc is tlw reducing 
half. Oxidation with bromine water converts lactose into lacto- 
bionic acid, and this, on methylation followed by hj^drolysis, gives 
2:3:6:6:-tetra-0-methyl-D-gluconlc add and 2;3:i6-tetra-^niethyl- 
i>-galactose. Lactose is therefore (/f-form) [see also JTg] : 
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§18. McHblosc ((WJ-fl-D-galactopj’TTinosj'l-D-glucopjTanosc). 
This disaccharidc is obtained from the trisaccharidc, rafRnosc (§20) ; 



aijOii cn,on 

11 I 


it is a reducing sugar, forms on osaronc, and undergoes mularota- 
lion. Wlten hjdrolj’scd bj* dilute odds, meUbiose gi\*c3 D-glncose 
and D-galactosc. Mclhylation con\*cTls melibiosc into methyl 
heptamelliylmdibioside. and this, on hjdrol^-sis, forms 2:3;4-tri- 
mcthyl-D-glucosc and 2:3:4 KJ-tctramcthyl'D-g^ctose. The struc- 
ture of the former has been established as folloR’s. The tn'mcthyl- 
plucose, I, readily forms a ay'stallinc methyl trimcthylglucoside, II. 
Nenv mclhj’l glucopjTanosidc, III, can be convTrtcd into the 
0-trityl dcri\-ali\‘c, IV (see §9), and this, on mcthylation followed 
remoN-al of the trityl group, gi\T5 II. Thus II must be methyl 
2J;|.iri.O-methyl-D-glucop>Tanoside. and consequently I is 2J:4- 
tri-O-rocthyl-D-glucose. From the foregoing facts, it can be seen 
that galocto^ is tl»c non-reducing half of melil'iose, and that its 
reducing group is linked to Q of gloco<e, tlie reducing half. This 
has b'm confirmed bj* oxidation of melibiosc with bromine water 
to mclilHonic add, and this, on mcthylation followed bj* hj’drolj'sls, 
gives 2J:4:r»-trtra-0-m'‘tbyI'i»-gluconic arid and 2J;4:C-tetra-0- 
cnrihyl-n-gahclosc ; the structure of the former Is should b)* the 
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fact that, on oxidation with nitric add, it forms tetramethylsacdiaric 
add. There has been some doubt about the nature of the glycosldJc 

link, but the evidence appears to be strongly in favour of a-. Thus 
the structure of melibiose is (/?-fonn) [see also 57g] ; 



Mellbiose has been synthesised chemically. 


§19. Gentlobloae (0-0-)J-i>-ghicopyTanosyl-i>-giucopyTanosc). 
This was oripnaUy obtained from the trisaccharide, gontianose 
(§20), but it also occurs in some glycosides, amygdalin (§37). 
Gentiobiose is a redudug sugar, forms an osasone aiKi nudogoes 
mutarotation ; hydrolysis with dflute adds produces two molecules 
of i>-glucose. Since this hydrolysis is also effected by enmlsin, 
the glycosidic link must be Mcthylation, followed by hydrolysis, 
gives 2;3:i-trimcthyl'i>-glucose and 2:3:4.‘ff-tetramethyl-i>glucose, 
Oxidation to gentiobionic add, this then methylated and followed 
by hydrolysis, gives 2:3:4:5-tetranietltyl-i>-gluconic add and 2:3:4:5- 
tctrcmethyl-D-glacose. Thus gentiobiose is (^fonn) : 



PO. Trlsaccharldea. The trihexoso trisaccharides have the 
molecular formula They are of two types, reducing nud 

non-redudng. Manninotrlose is the only reducing trisacchande 
that 'hfls been Isolated from natural sources. AH the others of this 
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group have b«n obtained by degrading polysaccharides or by 
synthesis, c.g., collotriosc from cellulose. T^s*o important non- 
r^udng trisaccharidcs ore raffinosc and gcntlanosc. 

Rnfflnoso occurs in many plants, partioUarly beet. Controlled 
hj'drolj’sls wdth dilute adds gi^'cs l>*£mctosc and mclibiosc ; vigorous 
hj’drolj'sls gi\*cs D-fructosc, D-gIncosc and D-galactose. It is also 
hjdrolj’scd by the cnziTOC Invcrtaso to fructose and melfbiose, and 
by an a-gljwsidasc to galactose and sucrose. These facts show 
that the three rrwnosaccharide molecules arc linked in the following 
order: 

galactose — glucose — fructose 

This arrangement is confirmed by the products obtained by 
roethybtion of raffinose, followed by hj'drolj’sis, viz., 2:3;4:0-tctra- 
methylgalactose, 2:3:4-trimclhylglacose, and l:3:4:0-tctraracthyl- 
fructosc. Furthermore, since the structures of sucrose (§13) and 
meliblosc (§18) are known, the structure of raffinosc must there- 
fore be : 


■ucro^ part 



nellbioM p&rt 


Gentlanosc occurs in gentian roots. Controlled hydrolysis with 
dilute adds giv-es D-fructose and gentiobiose ; this hydrolysis is 
also effected bj' the cniymc in^’crtosc. Emulsin also hydroij’ses 
gentianose to D-glucosc and sucrose. Thus the arrangement of the 
three monosaccharide molecules is : 

glucose — glucose — fructose 
Hence the structure of gentianose is: 


•ucroM part 
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POLYSACCHARIDES 

Polysaccharides are high polymers of the monosaccharides, and 
are a^ogous to the synthetic long-chain polymers. 

§21. Cellulose. The molecular formula of r^-TInW. h 
When hydrolj'sed with fuming hydrochloric acid, 
cellulose gives D-glucose in per cent yield (Irvine H al., 

1922) ; therefore the structure of cellulose is based on the D-glucose 
unit Methjdation, acetylation, or “ nitration ” of cellulose pro- 
duces a trisubstitution pnxiact aa a maximum substitution product, 
and it therefore follows from this that each glucose unit present 
has thru hydroxyl groups in an tmeombined state. When folly 
methylated cellulose is h5rdroIy5ed, the main product is 2:S:&-tTi-0- 
mcthyl-D-glucose (90 per cent). Thus the three free hydroxyl 
groups in each glucose unit most be in the 2, 3 and 0 positkens. and 
positions 4 and 6 are therefore occupied. Now, if we assume that 
the ring structure is present in each nnit, then this would account 
for portion 5 (or alternatively, 4 ) being occupied. Furthermore, 
if we also assume that the giocose units are linhed by C, of one unit 
to C4 of the next (or alternatively, C|), then the following tentative 
s tr u ctur e for ccUdose would account for the facts : 



'^ooee unit 


S;3:6-trimeth7i- 
ghicoeo V 


It should be noted, however, that if the linkages at 4 and C ^ 
interchanged, the mtwp trimethylglucose would still be obtain 
on hydrolysis {cf. maltose, etc.), , 

When subject^ to acetolyais, •*.«., sunultaneous 
hydrolysis (this ia carried out with a mixture of acetic anhydn e 
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find concentrated sojpbnric acid), cellulose forms cellobiose octa- 
acetate. Thus the cellobiose unit is present in cellulose, and since 
the structure of cellobiose is known (see §16), it therefore follows 
that the glucose units are present in the pyranose form, i^., C, is 
involved in ring formation, and so the glucose unita are linked 
Cl — C*. The isolation of cdlobiose indicates also that f>airs of 
glucose imits are joined by ^links, but it does indicate whether the 
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GH,OH 
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CHiOH 


links between the glucose units are the same (all or alternate 
(a and since all the links could be /?-, or each pair of cellobiose 
units could be joined by g-links ; ^e latter possibility is not 
likely, but it is not definitely excluded. Very careful acetolysis of 
cellulose, however, has produced a cellotrio», celJotetraose and a 
cellopentaosc, and in all of these the Cj — C* links have been shown 
to be ^ (from calculations of the optic^ rotations), and so we may 
conclude that aU the Hnka in cellulose are This conchiakm bi 
supported by other evidence, t.g., the kinetics of hydrolj^ of 
cellnloae. 

Cdhilose forms colloidal solutions in solvents in which glucose 
is soluble, and so it is inferred that cellulose is a very large molecnle. 
Moreover, since cellulose forms fibres, e.g., rayon, it appears likely 
that the molecule is linear ; X-ray anafysis also Indicates the linear 
nature of the molecule, and that the cellulose molecule has a long 
length. Hence a possible structure for cellulose is : 
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It should be noted that In the stmc t nr e given for celhiloae, the first 
glucose unit in la (i^., the one on the left-hand side ; this unit is 
on the right-hand side in 16) has a free redacang group, but since 
this gro up is at the end of a very long chain, its properties tend to 
be masked ; thus cellulose does not exhibit the strong redndng 
pr op er ties of the sugars. 

The cellulose molecule is not planar, but has a screw-axis, each 
glucose unit being at right angles to the previous one. Although 
free rotation about the C — 0 — C link might appear possible at first 
sight, it apparently does not occur owing to the spatial effect (steric 

effect). This and the close packing of the atoms give rise to a rigid 

fham molecule. The long r.hnins are held together by hydrogen 
bonding, and thus cdlulose a t hree -dim^ si on al brickwork. 
This would produce strong fibres with groat rigidity but no flexi- 
bility, and consequently, although the fibres would have great 
tensilo strength, th^ could not bo knotted without snapping. Since 
the fibres can be knotted without snapping, they must possess 
flexibility, and the presence of the latter appears to be due to the 
partly amorphous character of celluloso. 

The chemical stru ctur e of cellulose appears to be more co£u ^ ~ 
cated ttinn the one given above. Schmidt d aL (1932) showed 
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that carboxyl groups are present in carefully purified cotton fibres. 
Kleinert ct al. (1044) have suggested that various other groups, 
which are not necessarily carbohydrate in nature, may bind the 
glncoso chains together. It should be remembered, in this con- 
nection, that 100 per cent glucose is never obtained from the 
hydrolysis of cellulose. 

The molecular weight of cellolote. Owing to its insolubility, 
rimple methods of molecular weight determination (depression of 
frecring point and elevation of boiling point) cannot be applied to 
cellulose. 

Chemical methods. Examination of the fonnnla of cellolose 
shows that on methylation, followed by hydrolysis, the end imit 
(the non-reducing end) would contain four methoxyl groups, and 
all the other units three. Hence, the determination of the 
percentage of the tetramethyl derivative (2:3:4j5-) it is therefore 
possible to estimate the length of the chain. Haworth (1932) 
separated the methylated glucoses by vacuum distillation ; Hibbert 
(1042) used fractional distillation ; Bell (1944), using silica, and 
Jones (1944), using aluraina, effected separation by means of chroma- 
tography. The \’alae for the molecular weight of cellulose was 
found to be between 20,000 and 40,000 (Haworth, 1932) ; this 
corresponds approximately to 100 to 200 glucose units. This 
" end-group assay ”, however, gives rise to the following difficulty. 
^Vhen celldose is very carefully prepared from cotton, and then 
methylated in an atmosphere of nitrogen, i.e., in the abtenc« of 
oxygen, no 2:3:4:0-tetnimethylglucose was obtained after hydrolysis 
(Haworth et al,, 1039). One explanation that has been offered is 
that dxiring methylation under ordinary conditions, ix., in air, 
cellulose Is partially degraded, e.g., osmotic pressure measurements 
carried out on methylated cellulose, produced by two methylations 
in air, gave a value of 190 glucose units; sixteen successive 
methylations In air gave a methylated cellulose of 45 glucose units, 
as estimated by osmotic pressure measurements (Haworth d al., 
1930). Haworth explain^ these results by suggesting that the 
cellulose molecule consists of a very large loop, which undergoes 
progressive shortening on methylation- ^Vben the methylation is 
carried out in an atmosphere of nitrogen, the exposed ends of the 
shortened loop recombine, but cannot do so when methylated in 
the presence of air. Haworth also suggested that in order that the 
two ch ains should be held parallel to form a loop, it is necessary to 
ha\‘e cross-linimgcs holding the two sides together. The nature of 
these suggested cross-links is unknown. If primary valencies were 
invoUxd, then some dimdh^'Iglucou should be obtained from the 
hjdrolj'satc. Some of this compound has in fact been isolated, 
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but it is not certain that it is actually present In the methylated 
cellulose, since it may arise by demethylation during the degrada- 
tion of the methylated celiulose. The foUosving is a pktorkl 
representation of Haworth’s suggestion. 
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By means of chromatography, McGflmy (1063) has detected 
2:S:4:0-tetra*<>mfithyl-i>^ticose in ths hydiolymte after the 
methylation of cdluloso in an aimosphere of nitrogm. Thus degrada* 
tlon of the chain has occurred undiff these conditions, and so there 
is no evidence for the linking of the end grotips in the absence of 
oxygen. Furthermore, McGilvray determined the degree of poly- 
merisation from viscosity and osmotic pressure measarements, and 
also from the end-gronp assay. The vdoes obtained from the first 
two methods were greater than that obtained from the third 
method, and McGilvray sngjesta these results may be accounted 
for by assuming a slightly branched structure for the soluble 
methylcelluloses. 

A number of other chemical methods have been used for esti- 
mating the molecular weight of cellulose, ag., that of Hirst aJ. 
(1946) ; this is based on the periodate oxidation (§7^. Examina- 
tion of the fo rmu la of cellulose shows that the terminal rednemg 
unit would give two molecules of formic acid and one of fonnalde- 
hyde (this reducing unit, whldi is left In la, behaves as the open- 
chain molecule, since it is not a glycoride), whereas the other 
terminal unit (right in la) would give one molecule of formic add J 
i.e., one ceUuloso molecule gives three molecules of formic add 
and one of formaldehyde. Estimation of the formic acid produced 
gives the value of the chain-length as approximate^ 1,000 glucose 
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TTTiitR. There appeaia, however, to be some uncertainty with these 
results, since " over-oxidation ’’ as well as normal oxidation with 
periodic add results, the former possibty being due to the pro- 
gressive attack on the chain-molecules from their reducing ends 
(Head. 1963). 

Physical methods. Ultracentrlfuge measurements have given 
a val^ of 8,600 glucose units for native cellulose ; lower values were 
obtained for purified cellulose and its derivatives (Kraemer, 1036). 
These differences are probably due to the degradation of the chains 
daring the process of purification aiKl preparation of the derivatives. 
Viscosity measurements on cdlulose in Schweitzer’s solution give 
a value of 2,000-3,000 glucose units ; lower values were obtained 
for viscosity measurementfl on derivatives of cellulose in organic 
solvents (Staudinger ei al., 1936-1637). Osmotic pressure measure- 
ments on derivatives of celhilo&e have given values of approximately 
1,000 glucose units (Mej^, 1939). 

From the foregoing account. It can be seen that the values 
obtained chemically and physically are not in agrearvent. This 
indicates the uncertainty of value of n, and also that the value 
of n dopenda on the source and treatment of cellulose, 

P2. Starch. The molecular formula of starch is (C,HieO,),. 
Hydrolysis of starch with acidg produces a quantitative yirid of 
ly^ucose {cf. cellalose) ; thus tbe stiuclme of starch is based on 
the glucose unit Uetbylation of starch gives the trimethyiated 
co m pound (ma rfamim subst ituti on), and this, on hydrolysis, pro- 
duces 2:3:6-tri-0-iDethyl-r>-glaco8e as the main product, and a 
small amount (about 4'6 per cent) of 2;3:4.'fi-tetra-0-methyl-D- 
glncose. Starch is hydroly^ by tbe enzyme diastase (^-emylaae) 
to maltose (see also below). Thus the maltose unit is present in 
starch, aini so we may conclude that all the glucose units are joined 
by a-links {cf. cdlulose). The following structur e for star^ fits 
these facts : 
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Tho Haworth end-group assay (1032) showed that starch is com- 
posed of approximately 24-30 glucose units. Thus starch is a 
linear molc^c, at least os far as 24-30 units. Haworth, however, 
pointed out that this was a tmmmum chain-length, and that starches 
may differ by having different numbers of this repcathig luoit (see 
also below). Viscosity measurements, however, shmved the pres- 
ence of a highly branched structure. Now, it has long been known 
that starch can bo sqxiratcd into two fractions, but it Is only fairly 
recently that this separation has been satisfactorily carried out ; the 
two fractions are a-amylose (the A-fraction ; 17-^ per cent) and 
^-omyloso (oraylopcctin, or the B-fractlon). The fractionation has 
been carried out in several ways, e.g., n-butanol is added to a hot 
colloidal solution (aqueous) of starch, and the mixture allowed to 
cool to room temperature. Tho A-fractlon is precipitated, and the 
B-fractlon is obtained from the nwthef liquors by the addition of 
methanol (Schocb, 1042). Haworth rf el. (1040) have used thymol 
to bring about selective precipitation. 

a-Amyio6o Is soluble in water, and tho solution gives a bine 
colour with iodine. ^Amyloso is insoluble in water, and gives a 
violet colour with iodine. Both omyloscs are mixtures of polymer*/ 
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and the average molecular vrdght depends on the method of pre- 
paration of the starch used. 

a-Amyloso (A-fraetdon) . Meyer ei al. (1940) measured the 
osmotic pressure of solutions of a-amylose aotate, and obtained 
vahaes of 10,000-60,000 for the molecular weight ; values up to 
210,000 have been reported. When a-amylose with a chain-length 
of about 300 glucose units (as shown by osmotic pressure measure- 
ments) was methylated and then hydrolysed, about 0*3 per cent, of 
2:3:4:(i-tetni-0-methyl-i>-glucose was obtained. This value is to be 
crpecled from a straight chain composed of approximately 300 
jocose units ; thus a-amylose is a Unsar polymer like cellulose. 
This 1m#flr structure is supported ty the following evidence : 

(i) tt-Anr^ose acetate forms threads, as does cellulose. 

(ii) Diastase (^-amylase) converts a-amylose quantitatively to 
maltose. This faidicates that a large number of maltose units are 
joined by a-links, i^., a-amylose is a linear molecule. It has now 
been shown, ho w ev er , that pure /J-amylase converts only about 
70 per cent of omylose into maltose {cf. Cowie ei al., 1067). Since 
^amylase only attacks a-l:4-glucosidic linkages, it thus appears 
that amylose contains a sm all number of other linkages. These 
linkages can be hydrolysed by Z-enzyrae which occurs, together with 
^-amylase, in soya-beans, Unpurified prep a rations of ^amylase 
from this source therefore degrade an^losc completely. The nature 
of these anomalous linkages is not yet known. 

(IH) When a solution of a-amylos© is placed between two con- 
centric cylinders, one of which Is rotated, the a-amylosc molecules 
orientate themselves along the d ir ection of flow ; thL< is a char- 
acteristic of linear poIjTDcrs. 

a-Amylose is believed to exist in aqueous solutions in the extended 
position, but in the presence of iodine, tbo chain assumes a spiral 
form. The latter confi g uration was postulated by Freudenberg 
(t oL (1030) to explain the blue starch-iodine colour, and this has 
becai confinned by Rundlo ei ai. (1043), who examined the starch- 
iodine complex by X-my diffraction and obtained patterns which 
indicated that the complex was in the form of closely packed 
spirals. 

Amylopcctln (B-froctlon). Molecular weight determinations 
of amylopectin by means of osrootk pressure measurements indicate 
valacs of 60,000 to 1,000,000 (Meyer ei al., 1940). Larger \’alues 
ha\*c also bem reports, e.g., Wibiaucr ei al. (1052) ha\'e determined 
the molecular weight of potato amylopectin by the method of light 
scattering, and report an average \*alue of 10,000,000 or more. 
Let us consider an amjdopcctm having an average molecular weight 
of 650,000 ; this co r r e s ponds to about 3,000 glucose units. The 
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end-gronp assay by methylaticm shows the presence of one unit 
with four free hydrojcyl groops per 24-30 glucose units ; the same 
results aie also obtained the period^ method Thus the 
3,000 units are joined in such a manner as to give about 100 end 
units ; it therefore follows that the rhAm must be branched. The 
problem is further complicated by the fact that Hirst (1940), aftw 
methyiatiDg amylopectin and hydrolysing the product, obtained, 
in addition to tri- and tetia-O-methyl-D-glucose, about 3 per cent 
of 2:3-di-0-mcthyl-D-gtucose. This has been taken to mrcgi fliif 
some glucose units are also joined by and C, atoms. Further- 
more, in certain experiments, enzymic hydrotysis has giv e n a torall 
amount of 1:6 g-lrnked diglucose, i.e., isnnaltose is also present in 
amylopectin (Montgomery d aL, 1047, 1949). Wolfrom d ak (19®, 
1056) have obtained evidence that there is an a-D-l^bond in 
amylopectin ; the principal bond is a-i>-l:4, and branching occurs 
through a-D-l:0-bonds, 

The branching of the chains in arayiopectin is supported by the 
following evidence : 

({) Amylopectin acetate docs not form Bbres ; fibre f orma tinn is 
characteristic of Umar molecules. 

(H) Diastase (^•amylase) hydrolyses a my lope ctin to give only 
abMt 60 per cent of maltose. Tl^ there are *' blocked " points, 
and these will occur at the branch points. 

(iH) Amylopectin solutions do not show an orientation of the 
molecules in the direction of Suw in the concentric cylinder tech- 
nique ; the molecules are therefore not linear. 

The detailed structure of amjdopectin is still not settled. 
Haworth and Hirst (1937) suggested a laminated formula for 
amylopectin ; each line represents a basal chain of 24-30 glucose 
units joined by a Cj — C4 Imha, and each arrow head represents the 


joining of the terminal reducing group (CJ of each chain 1® 
central glucose member (at C,) of the next c hain . If it is bramiM 
in the above fashion, then methylated amylopectm should give 
some dimethyiglucose on hydrolysis. Since 2:3-di-C?-inethyi-^ 
glucose is actually obtained, the link must be Cj of one ch ain to ^ 
of the next. If the unions are as regular as this, then 
be one Cj — C, Hnk for every one end group. Hirst d ^ (194^, 
however, showed by the end-group assay by the periodic aa 
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method that amylopectrQ cantains onty traces of glucose residues 
joined solely by Cj — C, lintoL 

Prolonged methyiation of amylopectfn produces a diminution of 
the molecular sire (as determined by physical methods) ; e.g., 
methyiation of starch seventeen times changed the particle size 
from 3,000 glucose units to 190 units (Averilh 1039). This diminu- 
tion in particle size cannot be due to the brealc-down of the basal 
chains, since the end-group assay always gives the «*Tni»i basal 
chain-length, whether the methyiation is carried out in air or in an 
atmosphere of nitrogen. Haworth therefore suggested that this 
diminution in particle size is due to the “ disaggregation ” of the 
b asal 

As pointed out previously, ^amylase gives only 50 per cent of 
maltose with amylopectin. The high molecular weight residue is 
known as dextrliii and is not degraded because of the presence 
of the Cl — C, link (^-amylase breaks only a Cj — Cj links). Accord- 
ing to ^worth (1046), ^-amylase attacks the chain, breaking them 
bto units of two, the attack stopping at the cross-links. Thus : 



In support of this explanation, it has been found that dextrin has 
a unit chain-length of 11-12 glucose units. 

Further went has shown that the Haworth laminated formula 
does not satisfy the behaviour of amylases on amylopectin ; the 
formula is far too regular (c/. Hirst's work, above). Me 3 rer (1940) 
proposed a highly bached structure ; this fits the behaviour of 



the amylases better. Furthermore, matb^rrm tlmT calculations have 
shown that the regular form is unlikely. A difficulty of the Meyer 
structure, however, is that amylopectin would be globular; this 
is not in keeping ^Yith all the evidence. 
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§23. Some other polysacclmridce. A number of other poly- 
saccharides besides cellulose and starch also occur naturally, and 
some of these are described briefly below. 

Glycogen. This is the principal reserve carbohydrate in animals. 
It is hydrolysed by ^-amyiase to maltose, and molecular weight 
determinations by physic^ methods give values between 1 tnd 
2 , 000 , 000 . 

Innlln. This is a fructosan, and occurs in Hahlin tubers, dande- 
lion roots, etc. Add hydrolysis gives D-fmctose, but if inulin is 
first methylated and then h5rdrolysed, 3:4:6-tri-0-methyi-i>-fructose 
is the main product, thus indicating that inulin is co mp o se d of 
fructofuranose units. 

Mannans are polysaccharides whkh yield only mannose on 
hydrolysis ; they xire found fn ivory nut, seaweeds, bakers’ yeast, 
etc. Similarly, galactana yield only galactose on hydrolysis ; they 
occur in seeds, wood, etc. There are also polysaccharides which 
contain pentose residues only, vis. pentosans, e.g., xylans give 
D-xylo3C ; arabam give L-arabinose. Some pentosans are composed 
of both xylose and arabinose, and other polysaccharides are com- 
posed of pentose and hexose units, s.g., x^chflucans (xylose and 
glucose), arabo-galactans, etc. In addition to these neutral poly- 
saccharides, tb^ are also the acid polysaccharides. These aie 
gums and mucilages, and owe their aridity to the paesence of uronic 
acids. Gums are substances which swell in water to form gels (or 
viscous solutions), tfg., gum arabic and gum tragacanth ; on 
hydrolysis, the former gives arabinose, galactose, rhamnose and 
glucuronic arid, and the latter xylose, i.-faco5c and galacturonic 
add. Modlages are polysaccharides which swell in water to form 
viscous solutions ; on hydrolysis, they give galacturonic add. 
arabinose, xylose, etc. The heml-ccUuloses (which are widdy 
distributed in the cell-wall of plants) also contain both uronic acids 
(glu cur o n ic or galacturonic) and pentoses (xjdosc, arabinose). 

Pectin. This occurs in plants, particnlmly fruit Juices. It n 
composed of D-galacturonic add residues and the methyl ester. 

Alglnlc add. TWs occurs in the free state and as the cakfum 
salt in various seaweeds. Hydrolysis of alginic add produces 
D-manTiuronic add- . 

Chltin. This is the polysaccharide that is found in the oi 
crustaceans. Hydrolysis of chitin by a dds jffoducoa^tic aa 
and i>-glucosainine (chitosamine ; 2-mninogiucose). Chitm is 
hydrolysed by an ensyme (which occurs in the intestine of 
to iV-occtyigiucosaiiiine. X-ray analysis has shoro that ^e 
structure of is imnnflr to that of cellulose (^-acetyigiucosaniine 

replaces glucose). 
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OH|OH 

D-ghioosaiiiiita 


CfHtOH 



N-Aoetylglucoeamine 


J'^-Methyl-L-gliicosaniine is a component of streptomycin (sec 

§7. xvni). 


{23a. Pbotosyntheala of carbohydrates. The scheme outlined 
belowislargely that proposed by Calvin a/, (IDM). These authors 
exposed certain algae to carbon dioxide (labelled with '*C) and light, 
tbm killed the algae and extracted with ethanol and chromato- 
graphed (on paper) the extruct. Two monosaccharides, ribulose 
and sedoheptulosc, play an essential part in the photosynthesis of 

CH.OH 

io 

H OH 

H OH 

CH,OH 
ribulose 


carbohydrates, and the steps involved are as follows : 

(i) Ribulose diphosphate accepts one molecolo of carbon dioxide 
and one of water. 

Cu) The product now splits into two molecules of phosphoglyceric 
add (CH,OPO^,-CHOH*CO,H). 

(hi) Phosphoglyceric add undergoes reduction to phospho- 
gtyceialdehyde. 

Civ) Two molecules of phosphoglyceraldehydo combine to form 
heiose phosphate, 

(va) Hexose phosphate forms disacchaiidcs and polysaccharides, 
(vi) A molecnle of hexose phosjhate reacts with a molecule of 


CH,OH 


OH 

OH 

OH 


CH.OH 

scdoheptnloeo 
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phosphoglyceraldehyde to form ribulose phosphate and a tetrose 
phosphate. The latter reacts with a molecule of phosphoglycer- 
aldchydc to produce sedohcptulose phosphate which, in ttnn, also 
reacts with a molecule of phosphoglyccraldehyde to prodace one 
molecule of ribose phosphate and one molecule of ribulose phosphate. 
The ribose phosphate is then amverted into ribulcae phosphate, 
thus completing the cycle. 

All the aldohexoses and all the aldopentoses are interconvertibk 
by inversion of one asymmetric carbon atom, but how this occurs 
in the plant is not certain. Fnrthennore, aldohexoses may be 
stepped down to aldopentoses, and again how thiq occ urs is not 
certain ; one suggestion is (see also §32a, VTU) : 


CHO(CHOH),*CHOH*CH,OH 


► CHO(CHOH),*CHOH<X)^ 

LXyktioe 

>• CHO>(CHOH),-CH,OH 


GLYCOSIDES 

P4. IntrodQctioo. A great variety of glycosides occur in 
plants. The simple glycerides are colourless, soluble in water, and 
are optically active ; they do not reduce Fehling's solution. On 
hydrolysis with inorganic adds, gl 5 rcorides give a sugar and a 
hydroxylic compound, the aglycon (J3), which may be an alcohol 
or a phenol. Most glycorides are hydrel373ed by enmlain ; therefore 
they are ^lycoridea. Actually, in the natural stale, each glycoside 
is usually associated with an enzyme which occurs in different cells 
of the plant. Maceration of the plant thus produces hydrolysis 
of the glycoside by bringing the enzyme in contact with the 
glycoside. Glucose been found to be the most common sugar 
co mp onent ; when methylated and then hydrolysed, most gtyco- 
rides give 2:3:4:&-tetra-0-methyl-i>-glacose. Thus most glycosides 
are ^D-glucopyranosides. 

Synthesis of glycosides. The synthesis of a gljroside us« 
an acetobromohexose as the starting material ; this compound 
is now Tiflmfd systematically as a tetra-O-acctyl-D-haxopyrMO^ 
1-bromide, t.g., if the hexose is glucose, then the a-forui will 
tetra-0-acetyl'«-i>-glucopyianosyI 1-bromide. no u, 4 -h 

When glucose is treated with acetic anhydride at CT In we 
presence of zinc chloride, the product is l: 2 :S: 4 .* 6 -pcnta^*acety^ 
a-D-giucose (a-i>-giucose penta-ecetate). If. howevCT, gincoM is 
heated with acetic anhydride In the presence of sodium acetate, 
the product is ld2:3:4:6-penta-0-acetyl^i>^hi^ Furthamorc, 
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tlie /?*isoraer may bo converted into the a- by heating \vith acetic 
anhydrido at 110” in the presence of tine (iloride. 



OHfOH 0U,0-C0-C!H, 

gincoie a-glocoM penta-aceUto 



I 

ClII,0‘C0*0H| 


glucose peatanicotate ^ 

These pcnta-acetates ore readily hydrolysed to glaccse by means of 
dflute aqueous sodium hydroxide, ethanolic ammonia at 0”, or by 
methanol containing a small amount of sodium methoxide. When 
dissolved in glacial acetic add saturated \nth hydrogen bromide, 
the glycosidic acetoxyl group of a hexoso penta-acetate is replaced 
by bromine to give an a-acetobromoheiose ; the a-isomer is 
obtained whether the pcnta-acctate used Is the a- or ^-compound 
{Fischer, 1911). Thus a Walden inversion occurs with the ^-com- 
pouTul (|1. ni). 

Scheurer d al. (1954) have synthesised acetobromo sugars in 
good yield as follows. Bromine is added to a suspension of red 
phosphorus in glacial acetic add, and to this solution (which now 
contains acetyl bromide) is added the sugar or acctylated sugar, 
the latter giving the better yields. 

The bromiiio atom in these acetobromohexoses is very reactive. 
Thus it may be replaced by a hydroxyl group when the oceto- 
bromobeiose is treated with silver carbonate in moist ether (Fischer 
al., 1909), or by an allcoxyl group when treated with an alcohol 
in the presence of silver carbonate (Kfinigs and Knorr, 1901). In 
the latter reaction the yields are improved if anhydrous rnld nm 
rolphate and a small amount of iodine are used of silver 
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^bonate (E^ a al., 1038). In dtber case, the a^acetobiomo- 
hexose^ the glycoside. On the other hand, if mercnric acetate 
fa nsed instead of saver carbonate, then the a-glycosido fa obtained 
Ihe foregoing reactions may tlras be written {using the lymbol 
■ ^ to represent a Walden inveraiDn ; see §1. HI). 

I — 

H-^O-OO-OH, 

(OHOOOGH,), * 

OH- 

I vR, 

OHiO-OO-OHj N? 

a-penta-ac8tate 



Qg,-00-0-0-H 

I o 

(0HO-OO<3H,)j I 

CH- 1 

I 

OH,0-CO-OH, 

p-penta-Acetata 


(iH.O-OOOH,' 

a-glycoaide 


525 . Indlcan. This ^ycoside occurs in the leaves of the indigo 
plant and in the woad plant When the leaves are macerated with 
water, the enzyme present hydrolyses indican to glucose and 
indoiyl, and the latter, on exposure to air, fa converted into 
indigotin (see VoL I). 

The molecular formula of indlcan is CjiHj^OjN, and since it 
gives D-glucose and indoxyl on hydrolysis, it fa ^erefore indoxyl 
i>-glncoaide. When indlcan fa methylated (with methyl iodide in 
the presence of dry sflver oxide), tetramethylindican fa obtained, 
and this, on hydrotysfa with methanol containing 1 per cent 
hydrogen chloride, gives indoo^l and methyl 2:3;4;6-tctTa-f?- 
methybD-glucoside. Thus the ^cose molecule fa present in the 
pjranose form, anA since fa hjdrolysed by enrafain, the 

giycosidic link must bo Thus the structure of mdican fa HI, 
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and this has been confirmed by synthesis from indoiyl, I, and 
tetra-O-QCetyi-a-D-giucopyranosyl l-bromide, II, as follows; 




§26. Rnberythric add. This occurs in the madder root, and 
on hydrolysis, it vr&s originally believed to give one molecule of 
ili^arin and two molecules of D-glocose. Jones and Robertson 
(1933), however, showed that two molecules of D-glucose were not 
pr®cnt in the hydrolysate ; a mixture of two sugars was actually 
P^^sfint, i>-gluco8e and D-xylose. Thus the molecular formula of 
^^il^rythric add is originally believed, 

C*H„Oi 4 . Thus the hydrolysis is : 


0»a,On+aH,o — ►O.HnO, + 0,H»0, + 



Jones and Robertson also showed that the two monosaccharide 
niolecules were present in the form of the disaccharide prlmeveroee. 
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Now, ^ disaccharido is 6-a^i>-xylopyranosyNi>,gIncopyTaDOM 
(Helferich, 1027), and It therefore foUowa that aliiarin is linked to the 


inoH 

n—l—m 


0— 

-H 0 

H- 

-OH 


OHf— 



prim«veroM 

glucose half of the primcverose molecule. Further work has shown 
that the glucosldic link is and that it is the 2-hydroxyl gro up of 
nli c ar in that is involved. Thus the structure of ruberythric acid is : 



§27. Amy^dalln. This occurs in bitter almonds. The mole- 
cular fonnula is C^tH^OuN, and it is hjdrolysed by adds to one 
molecule of benzalddi^e, two molecules of D-glucose, and one of 
hydrogen cyanide. 

C»H„OuN + 2H,0 -J- C,H,-CHO + 2C,Hi^, + HCN 
Since emulsin also brings about this hydrolysis, amygdalin must 
contain a /5-giycosidic link. On the other hand, the cniyme 
ijTnase hydrolyses nm y^ tl flHn into one molecule of glucose and a 
giucodde of (-f-)-mandelonltrile (this compound is 

C|oH„OuN + + C;H,CH(CN)O<;Hu0, 

identical with fmnasin, a naturally occurring glucoside). Thus 
the aglycon of amygdalin is (-f-)^nandolonitrile, and the sugar Is a 
disaccharide. Haworth et aL (1922, 1923) have shown that^t^s 
disaccharide is gentiobioso (§19)* wid have synt hesi sed amygdalin 



OHjCXXXJHj 


( CH«CObO 


ocetT^l — »> 

derivatlre 


(+)-fonn 
of V 
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(in 1924) as foUmvs. Gentiobiose, I, was converted into hqrta- 
acctyi-bromogentiobiose, 11, by means of acetic anhydride saturated 
with hydrogen bromide, and then 11 was condens^ with racemic 
ethyl raandelatc in the presence of silver oxide, whereby the 
glycoside, Ed, was obtained. Treatment of this with cthanolic 
ammonia hydrolysed the acetyl groups, and at the KaTtiw time con- 
verted the ester group into the corresponding amide ; thus the 
(±)-ainido-glyt»side, IV, was obtained. IV was then treated with 
acetic anhydride in pyridine solution, and the (i;)-hepta-acetyl 
derivative of the amide, V, was then separated Into its diastereo- 
isomers by fractional crystallisation (the mandelic add portion 
is ri- and — , the gentiobiose portion is + ; hence the two forms 
present are +4- and — ix., they are diastereoisomerB). The 
(-}-)-form was then dehydrated with phosphorus pentoxide to give 
the (4-)-nltrile, VI, and this, on de-occtylation with ethanoUc 
ammonia, gave {-i-)-amygdalin, VII, which was shown to be identrea] 
with the natural compound. 


§28. Arbutin and Methylarbutin. Arbotln is hydrolysed by 
emulsin to give one molecule of ivglncose and one of qninol ; thus 
arbutin is a j5-glucoside. When methylated (with meth^ sulphate 
in the presence of sodhim hydroxide), arbutin forms pcntamethyl- 
arbutin, and this, on hy*drolysls with metbanollc hydrogen chloride, 
gives methyl 2:3:4:0-tetra-O-mcthyl-D-glucoaide and monomethyl- 
quinol (Macbeth d oZ., 1023) ; structure I for arbutin accounts for 
these facts. 
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Pentamethylaitmtin has been synthesised by converting 2:3:4:6- 
tetra-O-methyl-D-glucose into tetra-O-methyl-a-D-glucopyranosyl 
l-bromidfi, and condensing this with monomethylquinol ; the pro- 
dnet is identical with the methylated natural compotmd- 
Methylarbntln. This is hydrolysed by emiilsTn to one molecule 
of D-glocose and one molecule of monomethylquinol ; thus methyl- 
artmtin is a ^-glucoside, and its structure is : 



Mftthylaxbutin has been synthesised by condensing tetra-O-acetyl- 
a-D-glncopyranosyl 1-bromide with monomethylquinol ha the 
preaeoce of diver carbonate, followed by de-acetylation. 

P9. Salldn. This is hydrolysed by emuldn to one molecule 
of D-giocose and one of salicyl alcohol (saligenin). Thus salldn is 
a /J-gtocoside, but rt is not possible to tell from the hydrolytic 
products whether it is the phenolic or alcoholic group of the salicyl 
alcohol which forms the ^yccddic link. Which group is involved 
is readily shown as follows (Irvine rf al., 1906). Oxidation of 
*aiicin with nitric add forms hdicin, and this, on hydrolysis, gives 
glucose and salicylaldehyde. Thus the phenolic group in salicyl 
alcohol must form the ^cosidc. Methylatkm of salidn produces 
pentamethylsalidn, and this, on hydrolysis, gives 2:3:4:0-tetra-O- 
methybn-glncose. Hence the glucose residue is in the pyranose 


OHfOH 



CH,OH 
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form ; the structure given for sallcin fits the foregoing facti. 
This structure has been confirmed by condensing tetra-O-methyl- 
tt-D-glucopyranosyl 1-bromide with salicyl alcohol, and then 
mcthylat^ the product. The pcntamethylsalidn so obtained was 
identical with the methylated natmal product (Irvine a el., 1906). 

|30. Slnl^rln. This glycoside occurs in black mustard seed, 
and on hydrolysis with the enxyme myrosin, n-glucose, allyl iso- 
thlocyanate and potassium hydrogen snlphate are obtained. 

HjO -► CgH„ 0 ,+CH,=CH*CH,*NCS+KHS 04 - 

Sodium methoiide degrades ainigrin, and one of the products 
obtained is thic^lucose, From this it is infenred that 

the glucose residue is Itnkki to a sulphur atom in ainigrin, but it U 
still not certain whether the glycosidic link is a or The following 
is a possible stru c t ur e for smigrin : 

8- C=N-CH,CH=C[H, 

OSOjK 
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form; the structure given for salicin fits the fon^fodng &ct 5 . 
This structure has been confinned by condensing tetra-O-methyl- 
a-i>-glac£rpyranosyi l-bromide with sa]icyi alcohol, and then 
methylating the product The pentamethylsalicin so obtained wi5 
identical with the methylated natural product (Irvine d el., 1906). 

530 . Slnl^rfn* This ^ycoslde occurs in Wade mustard seed, 
and on hydrolysis with the enrymo n^rosin, D-glncosc, altyl tith 
thiocyanate and potasshnn h 3 rdrogen ^phate are obtained. 

Ci^„0,NS»K+H*0 -► C.H,tO,-f CH,caCH'CH,'NCS+EHSO|- 

Sodium methoxide degrades sinigrin, and one of the prodnets 
obtained is thicglocose, From this it is inferred that 

the glucose residue Is linked to a sulphur atom in shfigrin, bat it is 
still not certain whether the glycosidic Imk is a or The foIlowiDf 
is a possfljlc structure for sinigrin : 
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CHAPTER VIU 


TERRENES 


§1. Introduction. The terpencs form a g roup of compounds 
the majority of which occur in the plant Idngdom ; a few terpena 
have been obtained from other aources. The shnpler mono- and 
seaqui-tcipcnea are the chief constituenta of the essential oils ; 
these are the volatile oils obtained from the sap and tissues of certain 
plants and trees. The essential oils have been used in perfumery 
from the earliest times. The di- and tri-tcipenes, whi<± are not 
steam volatile, are obtained from plant and tree gums and resins. 
The tetraterpenes form a group of compounds known as the 
caroienoidt, and it is usual to treat these as a separate group (see 
Qu DC). Rubber Is the most important polyte^wie. 

Most natural terpene h 3 rdrocarbons have the molecular formula 
(C|H,),, and the ^ue of « is used as a basis of classification. 
Thus we have the following classes (these have already been 
mentioned above) : 

(i) Monoterpencs, CuHi,. (U) Sesquiterpenes, 

(iii) DHcrpcnes, (iv) Tritirpenes, C*H«. 

(v) Tetraterpenes, C 4 oH,| (these are the carotenoids). 

(vi) Polyterpenes, 

In addition to the terpene hydrocarbons, there are the oxygenated 
derivatives of each class which also occur naturally, and these are 


mainly alcohols, aldrfiydes or tetones. 

The term itrpme was cjriginally reserved for those hydrocarbons 
of molecular formula but by common usage, the term now 

includes aH compounds of ti» formula There is, however, 

a tendency to r»U the whole group Urfinoids instead of ttrj>etus, 
and to restrict the name tfrp«n$ to the compounds CipHn. 

The thermal decomposition of almost all topenes gives isopre^ 
as one erf the products, and this led to the suggestion thattM 
skeleton structures of all naturally occurring terpenes can be bull 
up of isoprene units j this is Imown as the laopreno rule, and was 
first pointed out by Wallach (1887). Thus the divisibiUty into^ 
prene units may be regarded as a necessary condition to be satiafi 
by the structure of any plant-Qmthesised terpene. Furthermore, 
Ingold (1926) pointed out that the isoprene units in natural terp^e* 
were joined head to tail " (t^® ^ead bring the 
isoprrae). This divisibilfty into isoprene units, and t^ h«^ 
fpn unkm, may conveniently be referred to as the sptddl uoprtn* 
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It shcrald "be noted, bowever, that this rule, which has proved very 
nscful, can only be used as a guiding jirindple and not as a fixed 
rule. Several exceptions to it occur among the simpler terpenes, 
e^., lavandulol is composed of two isopreno units which are not 
joined b^nd to tail ; also, the carotenoids are joined tail to tail at 
their centre (see Ql IX). 


OH: 




CHj*^ 


0=CIH*ClH|-(pi 


-< 


>OH, 

OH, 


OH, 

OH,=C— OH<«CH, 


CH,OH 

laTandoioI isopreoe 

The carbon skeletons of open-chain monoterpenes and sesquiter- 
penes are : 


C 

0— 0— O-CH- 
be&d un 


0 

I 

0-0— O—C 
bead UD 


0 ! 0 0 

i ‘ I • 

0-0 — O—OjO— 0—0— 04-0—0— 0-0 

Monocyclic terpenes contain a six-membered ring, and in this 
connection Ingold (1021) pointed oat that a g^m-dialkyi group 
tends to render the cye/obexane ring unstable. Hence, in dosing 
the open chain to a tydohexane ring, use of this " gwn-dialkyl rule " 
limits the number of possible s tructnre s (but lec, 0 .g., abietic add, 
531). Thus the monoterpene open chain can give rise to only o«tf 
possibility for a monocyclic monoterpene, vis., the ^-cymene struc- 
ture. T^ is shown in the following structures , the acydic structu re 
being written in the conventional " ring shape ”. 


? 

/V 


\ 




? 

■L ? 
? 


acyclic p-eymtna 

■tniclure »tnjcUire 

All natural monDcjclic monoterpenes are derivatives of ^►-cjTnene. 
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Bicyclic monoterpenes contain a six-membered ring and a three- 
foxn--, or fivB-membered ring. Ingold (1921) also pointed ont that 
tydopropane and tydobutane rings require the btrodnction of a 
g^wMiimetliyl group to render them suf&dently stable to be capable 
of occurrence in nature. Thus closure of the open give* 
three possible bicyclic structures ; all three types are known. 



If we use these ideas with the sesquitcipeDc acyclic structure, 
then we find that only three monocydlc and three bicyclic stmctnres 
ore possible (not all are known ; see the sesqulteipeDes). 



§2. Isolation of monoterpenes and sesquiterpenes. 
mntn^n^^g essential oils usually have the greatest concen 
some particular timfi, e,g., jasmine at sunset. In generah 
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four methods of extraction of the topeiies : (I) expression ; (il) 
steam distillation ; (iil) extraction by means of volatile solvents ; 
(rv) adsorption in purified fata Method (H) is the one 

mc^ rvidily used ; the plant is macerated and then steam distilled. 
If the compound decomposes under these conditions, it may be 
extracted vrith light petrol at 60®, and the solvent then removed by 
distillation under reduced preasure. Alternatively, the method of 
adsorption in fata is used. The fat is warmed to about 50®, and 
then the flower petals are i^ead on the surface of the fat until the 
latter is saturated. The fat is now digested with ethanol, any fat 
that dissolves being removed by cooling to 20®. The essential oils 
so obtained usually contain a number of terpenes, and these are 
separated by fractional distillation. The terpene hydrocarbons 
distil first, and these are foDowed by the oxygenated derivatives. 
Distillation of the rcsidne under recced pressure gives the ses- 
quiterpenes, and these are separated by fractional distillatiogL 

$3. General methods of determining stmctnre. The follow- 
ing brief account gives an indication of the various methods used 
in eluddatmg the s tructum s of the terpenes (see the text for details). 

(i) A pure spedmen is obtained, and the molecular formula Is 
ascertained by the usual methods. If the terpene is optically active, 
its spedflc rotation is measured. Optical a^vfty may bo used as 
a means of distingimhing struc t u res (see, 04 ^., §1^. 

(li) If oxygen is pres e nt in the molecule, its functional nature is 
ascertained, ij., whether it is present as bydroxjd, aldehyde, ketone, 
etc, (c/. alJ^oids, §4, XTV). 

(Hi) The pr es ence of olefinlc bonds is ascertained by nwtn^ of 
bromino, and the number of double bonds is determined by analysis 
of the bromide, or by quantitative hydrogenation, or by titration 
with monoperi&thalic add. These &ct3 lead to the molecular 
formula of the parent hydrocarbon, from which the number of 
rings present in the structure may be deduced. 

(iv) The preparation of nitrosochloridcs and a study of thdr 
behaviour (see also the nitroso compounds, VoL I). 

(v) Dehydrogenation of terpenes with sulphur or selenium, and 
an examination of the products thereby obtained (see also §2 vil X). 

(vi) Measurement of the refractive index leads to a value for the 
molecular refractivity. From this may be deduced the nature of 
the carbon skeleton (see, in particular, sesquiterpenes). Also, 
optical exaltation indicates the presence of double bonds in 
conjugation (^. |11. I). 

(vii) Measurement of the ultraviolet and infra-red spectra. 

(vCi) Degnidatlve oxidation. The usual reagents used for this 
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purpose are orone, add or alkaline permanganate, chromic add, 
and sodium hypobromite. In general, degradative oxidation is the 
most powerful tool for duddating the structures of the tcipenes. 

(ix) After the analytical evidence has led to a tentative structure 
(or structures), the final proof of stiuctare depends on synthesis. 
In terpene chemistry, many of the tyntheses are ambiguous, and 
in such cases analytical evidence is used in conjunction with the 
synthesis. Many tcrpcncs have not yet been synthesised. 


ifONOT£RP£NES 

The monoterpenes may be subdivided into three groups : acyclic, 
monocyclic and bicyclic. This classification affords a convenient 
means of study of the monoterpenes. 

ACYCLIC MONOTERPENES 

54 , Myrcene, CioHn, is an acyclic monotcipene hydrocarbon 
which occurs in verbena and bay oils. It is a liquid, b.p. lflfi-16S*. 
Catalytic hydrogenation (platinum) c o nv er ts myrcene into a decane, 
Cj|H]| ; thus myr ce n e contains three dcmhle bonds, and is an 
open^hoin compound. Furthensore, since myrcen e forms an 
adduct with maleic anhydride, two of the double bonds are con> 
jugated (Diels sf al., 1929; see the Dids-Alder reaction, VoL I). 
This conjugation is supported by evidence obtained from the ullw- 
violet spectrum of myrcene (Booker ei of., 1940). These facts, tJ., 
that myrcene contahis three double bonds, two of which are in 
conjugation, bad been established hy earlier investigators (t.g., 
Semmler, 1901). Ozonolysis of m yrcene produces acetone, fom^- 
dehyde and a ketodiaidehyde, and the latter, on oxida tio n 

with chromic add, gives succinic add and carbon di oxide ( Rupoka 
et al., 1924). These results can be explained by assigning structure 
I to myrcene. In terpene chemistry it has become aistomaiy to 
us© conventional formulae rather than those of the type L In 
these conventional formulae only lines are used ; carbon atoms 
are at the junctions of pairs of lines or at the end of a line, an 

mrgi tTTraHftn hy Hmiblft bonds. FnrthenDore,thecaAOT 

skeleton is nsually drawn in a dng fashion (the fyri oh cra ne ring)* 


C^j 


= OH— OHf- OHf- 0 — CH=» GH* 


I 


n 
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Thus myrccno may bo represented as II, and this type of structural 
formula will, in general, be used fn this book. Thus the process 
of oionolysis and oxidation of the kotodialdehyde may bo written : 



ketodialdehyde 



yCO^ 

CHt 


\o,H 


+ CO, 


This structure for myrceoe Is supported by the fact that on hydra- 
tion (under the induence of sulphuric add), myrcene forms an 
alcohol which, on oxidation, gives dtraL The structure of this 
compound is known (see }6), and Ha formation is in accord with the 
shuctmu given to myrcene. 

54a. Odmene, b.p. 81*/30 mm. "When catalytically 

hydrc^enated, odmene adds on thm molecules of hydrogen to 
form a decane. Thus odmene is an acyclic compound which 
contains three double bonds. Furthermore, since odmene forms an 
adduct with maleic anhydride, two of the double bonds are con- 
jugated. On osonolyds, odmene jffoduccs formaldehyde, methyl- 
glyoial, hevulaldehyde, acetic and malonic adds, and some acetone. 
All of these products, except acetone, are accounted for by structure I 



CH,00,H + 


‘CO,H 
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fcnrodinrae (this has ajiwopropenylend-^rtmp). In ordfir to acccrant 
for tho appeaiance of acetone in the oxidation products, odmcne 
is also believed to exist in the tit^iropylidene form, 11, ix., odmoio 
is a mlxtnro ot I and II, with I predominating (bnt see dtral, Jfl), 





a 

0 


.CH} 


/COjH 


+ aH,-0O'ClHO+ 0H,0 


00,H 


. Cltralt This i* the most important member of 

He acyclic monoterpenes, since the stnictures of most of the other 
compounds in this groap are based on that of cJtral. CftraJ is 
widely distributed and occurs to an extent of 60-80 per cent in 
lemon grass oih Gtral is a liquid which has the smell of lemons. 

Qtral was shown to contain an oxo group, e^g., it forms an oxime, 
etc. On heating with potassium hydrogen sulphate, dtral fonns 
^<ymene, n (Seninler, 1891). This reaction was used by Scmmler 
to determine the positiooa of the methyl and ^opropyl groups in 
dtral ; Scmmler realised that the dtral mokcule was acyclic, and 
gave it the skeleton s tructu re, I (two isoprene units joined bead to 




/ 




r r 

CH 


0 0 OH i 

Y ^ 

0 OHj 


OH, 

I n 

tall). Citial can be reduced by sodhnn amalgam to an JcoM, 
geraniol, C„Hj,0, and is oxidised by silver oxide to geiai^ a^. 

; since there is no loss of carbon on oiidstlon to the 
tho 0 X 0 group in dtral is therefore an aldehyde group (Semm^. 
1890). Oxidation of dtral with alkaline permangan^ foim^ 
by chromic add, gives acetone, oxalic and Ifljvulfc aa^ (TimBM 

and Semmler. 1895). Thus, if dtral has structure III, ^fOTm^n 

of th ese oxidation products may be accounted for. This 
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/CO,H 

OHt 


+ 


COjH 


CO,H 


is supported by the work of Verlcy (1607), who fotmd that aqueous 
potassium cartonate converted dtral into 6-niethylhept-5-€n-2-one, 
IV, and acetalddiyde. The fonnation of these pffoducts Is readily 
explained by assuming HI undergoes cleavage at the cc^-double 
bond ; this cleavage by alkaline reagents is a general reaction of 
oc^-unsatnrated oxo compounds (see VoL 1). Furthermore, methyl- 
h^tenone itself is also oxidised to acetone and lavulic add ; thi< 



is again in accord with stmeture III. The structure of methyl- 
beptencme was already known from its synthesis by Barbier and 
Bouveault (1806). These workers condensed 2:4-<Ubromo-2-methyl- 
butane with sodio^cetyiacetooe, and heated the resulting compound 
with concentrated sodium hydroxide solution. Barbier and 


OBr I 

1 + NsOH(OOOHi)r-^| 

OHfBr I 


OBr 

/OH, 

CH(COCH0, 


Cpj/OH, 

,OH 


0^ 


CH, 


Bouveault (1896) then converted methyiheptenone into geanic 
add, V, by means of the Reformatsky reaction, nepg rfnr nnd 
iodoacetic add. The synthesis of dtral was compkted by Tiemann 
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V 

(1808) by diatmiiig a rabrture of the caJdam salts of gHBiiic and 
formic adds (ca represents “ half on atom of cakhnn ") : 



A more recent synthesis of dtral is that of Arens and van Dorp 
(1048). Mcthylheptenone was first prepared as follows : 



CHj OHj 

\ ULA. ^ 

OH, OHj 

II tTMknl* 

OH 

OHjBr 

/SB 

OH, 
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Then the methylheptenone \vas treated with ethoxyacetyiene- 
magueshim bromide, the product reduced and then de-alkylated. 




It should be noted that an aUyiic rtanangtTnerU occnra in both parts 
ol this synthesis (see also |8). Ethoxyacetylenemagntthim bionride 
may c o n v eniently be prepared from chJoroacetaldehyde diethyl 
acetal as follows (Jones et al., 1964) : 

Hljm. aMoRr 

CHia-CHfOCtH^, ► CH=COC,H, ► BrMgC^-OC^, 

Examination of the formxila of dtxal show* that two geometrical 
isomers are possble : 



rrom-fonn; m-fonn; 

dtral-u; ^ dtral*i; 

geranlal ' neral 

Both homcn occur in natural dtral, e.g., tvo semicarbaiones are 
formed by dtral ; both forms of dtral itself have also been obtained : 
dtnU-a (also known as gtranUI) has a b.p. ll&-llD*/20 mm., 
and dtrol-b (also known as ntral) has a b.p. 117-118*/20 mm 
The configurations of these two fonns have been determined from 
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a coniideration of the ring closures of the corresponding n^<^boh 
(see geraniol, §7). 

The problem of the structure of dtral is further complicated for 
the following reasons, Oronolysis of dtral gives acetone, lavulal- 
dehyde and glyoxal (Harries, 1903, 1D07) ; these products are to be 
expected from structure IlL On the other bHnf^ Grignard d */. 
(1024) also isolated a small amount of formaldehyde from the 
products of oxonolysis ; this points towards structnre VI, which 
has an twpropenyl end*group. Thu* dtral has been regarded as 



UI VI 

a mixture of Jour substances, two geranials and two nerals. As* 
sunmig, then, that both the tsopropylidene and mpropenyl fonns 
are present, H is possible that these two structures form a three- 
carbon tautomeric system : 



OHp'6“OH— CH|e=0— 

Recent work, however, has cast doubt on the existence of these two 
forms in dtrah According to infra-red spectroscopic studies, it 
appears that naturally occurring acyclic monotcrpcnes as a doss 
possess only the twpropylidcne end-group structure (Bamarf, 
Bateman et al., 1950). According to these authors, during o xideii vt 
degradalion, partial rearrangement from the itopropylideno to 
tropropenyi structure occurs, and so tHis method of detennfning 
fine structure is unreliable (see also geraniol, §7). 

§6. lonones. When dtral is rondensed with acetone in the 
presence of barium hydroxide, ^ionone is formed and this, o n 
bearing with dilute sulphuric add in the presence of giycero , 
forms a mixture of ot- and jd-ionones (Tiemann and KrtlgCT, 1893). 
The pro por tion of a to ^ varies with the nature of the cychamg 
used, c.g., with sulphuric add, ^onone is the main product , ^ 
phosphoric add, a-ionone is the main product Both 
been obtained from natural sources ; the ^isomer Is ^ optically 
inactive, whereas the a-isomercan ea^ in optically active onus 



5 «] 

OHj^OHj 

oS CfH-CHO 

i D + GHj-CO-OHj ^ 

CH, O'CH, 

OH| 
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q^^CH, 

io 


OH'CH=OH'CO- 

f+niiQ) 


Ah, c-oh. 




CHfai-CH-COCH; 


in. 


CH, 


r COCHj 

+ 


p*ionone 


CH-CHCOCH, 


since it contains one asymmetric carbon atom. Actually, the (+K 
and (±}-forms of a^wnono ocarr DaturalJy. Very dilato 
ethknoUc sohidons of ^ionone have the odour of violets. 

The strnctares of the ionones were established by a study of the 
oxidation prodnets produced by potaasiom permanganate (Tiemann, 
1898, 1900) ; ^onone gave geronic add, 1, (ca-dhnethyladiplc 



add, II, and oca-dimetbylsuccinfc add. III. On the other hand, 
a-ionone gave a mixture of uogeronic add, IV, ^.^-dimcthyladipic 
add, V, and c^at-dimethylglutaric add, VL 



o-Ionoae ^ V VI 

The ionone* are related to irooe, C,4H,,0 ; this occurs in the 
oil obtained from the orris root The sLr u c lm e of irone was 
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crtablishcd by Ruticka ct al. (1047), \vho showed that on ozonolysij, 
ironc gives formaldehyde and i5^:>*-triraethylpiinellc acid, Vm • 
also, reduction of irorw with hydriodlc add and red phosphona! 
follo\ved by dehydrogenation with sclenhim, gives 12:0-trimethyl- 
naphthalcnc, IX, Ruricka therefore proposed s truct are VII for 



ironc. Ruzicka (1047) farther showed that irooe was a mixture of 
three isomers (VII is y-lrone) : 



■<^7. Geraniol, C„Hj,0, b.p. 220-230''/767 mm. This is found 
in many essentiiQ oils, parri mlari y rose oil. Geranlol was shown 
to be a primary alco^l, #.g., on oxidation It gives an aldeh^ 
(dtral*tf) ; and since it forms a tetrabromlde, geranlol therefore 
contains two double bonds. Redaction of dtral produces geranid, 
but at the same time some nerol is formed. The 
identity of geranlol and nerol is shown by the following 
add on two molecules of hydrogen when hydrogenated 
thus both contain two double bonds. Both give the same saturat^ 
alcohol. Also, on oxldaUon, gcraniol and 

same oxidation products which, at the same time, show the posl ns 
of the double bonds to bo 2 and 7 {cf. dtral, J5). ThM g^^o 
and nerol are geometrical Isomers. Geraniol has been assign 
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{fans confignration and nerol the cis on tho fact that cj'clisation 
to a-terpineol (§11) by means of dilote sulphuric add takes place 
about 0 times as fast with nerol as it does with geraniol ; this 
faster rate with nerol is due to the proxiinity of the alcoholic group 
to the carbon (•) which is involved in the ring formation- Thus : 



nerd a^Urplaeol geraniol 

fctj-) (/rfiJU') 

Nerol also occurs nattoally in various essential oils, e.g., oil of 
neroli, bergamot, etc . : its b.p. is 225-226“. 

Knights a al. (1955) have found that, on oionolysis, geranyl 
acetate gives less than 3 per cent of fonraldehyde, and have crm- 
dtuded thfli the acetate and geraniol itself have predominantly the 
tsopropylldene sLxuclme (</. cxtial, §5). 

§8. Llnalool, Cio^nO, b.p. 108-199*. This is an optically 
active c om po u nd ; the (— )-form oaairs in rose oil and the (+)- 
form in orange oiL It was shown to be a tertiary alcohol, and 
it adds on two molecules of hydrogen on cataljik hydrogena- 
tion, it must contain two double bonds. When beated with 
acetic anhydride, linalool fa converted into geranyl acetate ; and 
the latter fa converted into tho former by heating with steam at 
200“ under pressure. Also, heating linalool with hydrogen chloride 
in toluene solution at 100“ produces geranyl chloride, and this, 
when treated with moist riiver oxide in beixene sotntion, is re- 
converted into linalooL These reactions are parallel to those which 
occur when crotyl alcohol is treated with hydrogen bromide ; a 
mixture of crotyl bromide and mothylvinyicarbinyi bromide is 
obtained. When ciAtr of these products fa treated with moist 
silver oxide, a mixture of crotyl alcohol and methylvinylcarbinol 
is obtained. 

CE«^CH-CIH,OBl^CH,*OH:OH-OH,Br + CH,'0 HBpCH: 0H| 
CH,-CH:CH-CH,OH +CH,-CHOH-OH;On, 
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Thns the eluddaticm of the stnicture of linalool is complicated by 
the ease with which the aUylic rtarrangerjunt occurs (see also VoL I). 
Since the structure of geraniol la known,, a possible structure for 
linalool is obtained on the basis of this allylic rearrangement. 



geraniol ' linalool 

This structure has been confirmed by synthesis of linalool (Rniiclca 
et aL, 1010) ; 0-niethyIbept-6-en‘2-oiw was treated as follows : 




(±)-linalool 


59. atronellal, Ci^HuO. This is an optically active compound 
which occurs in dtronella ofl. GtroneHal is an aldehyde^r^oc- 
tion with sodhnn nTnnJgnTn converts it into the alcohol dtron^ol, 
and oxidation gives dtronellic add, Cj^HuO,. Now 
there is another aldehyde, rfaodlnal, which is isomenc ^th 
neUfll, and on reduction, rhodlnal gives the alcohol, rhodino^ 
is isomeric with dtronelloL Furthennore, reduction o Ji 
geranate with sodium and ethanol gives rhodinol (Bonveanlt a 


Oxidation of dtronellal with chromic acid gives 
add and acetone (Tiemann et al., 1806, 1807). Rhodinal 6* 
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the ittme products on oxidation* Thus structure I would fit the 
facts for both dtronellal and riiodlnaL On the other hand, orono- 
lysis of dtronellal gives ^methyladlpic add, acetone and some 



I 

formaldehyde (Harries A al., 1008). These results point towards 
struc tur e II for dtronellal, as well as I. Thus dtronellal appears 
to be a mixture of I (tiopropylidane end-group) and n (Mopropenyl 
end-group). Furthermore, a detailed study of rhodinal has shown 



n 


that this compound Is identical with dtronellal, but consists of a 
mi xtur e of the two forms in different proportions (but cf, dtral, 56). 

59a. Cltronellol and Rhodlnol, (— )-Citronellol 

occurs in rose and geranium oils, and is a mixture of the two fanns ; 



The (-l-)-fonn of dtronellol is made commerdally by reduction of 
dtronellal with sodium or aluminium amnlg nm ; it also occurs in 
Java dtroneHa off* 

RhodiiK)! is identical with dtronellol, but the proportions of the 
two forms are different from those which occur in dtronellol ; 
the identity of dtronellol and rhodinol is shown by the products 
of oioDolyBii* 
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MONOCYCLIC MONOTERPENES 

510 . Nomendatnre. For the purposes of nomenclature of the 
monocyclic monoterpenes, the fully saturated compound ^Knethyl- 
MopropylrycZoheaane, hexahydro-^cymcne, or ^mcnthane, 
is used os the parent substance ; it is a syntlustic compound, b.p. 
170®. ^Menthane is I, and II is a conventional method of drawini; 
formula L The positions of substituents and double bonds are 



I n 


indicated by numberB, the method of numbering being shown in 
I (and n). "When a compound derived from ^mcn thane conta^ 
one or more double bonds, ambiguity may arise as to the posifaon 
of a double bond when this is indicated in the usual way by a 
number which locates the carbon atom joined by the double 
bond- To prevent ambiguity, the xecond carbon atom joined to 
the double bond is also shown, but is placed in parentheses. The 
following examples illustrato the method of nomenclature ; in the 
first example, all the types of methods of nomenclature have been 
given ; in the second and third examples, only the nomenclature 
that will be used in this book is given. 



A*-^»-inentJiene; p-menlh- p-menUia- 

2-p*monthone; l(7)-ene b4(8)-diana 

^menth-S-ene; 
p-menthene-9. 
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1. a-TcrpInco!. TliU U an optically active monotcrpcnc 
that occurs natnrally In thr (-f)*, (— )-flnd {i)*formi .* it U a solid, 
m.p. (oi the ncrmlc modification) 35*. Tltc molecular formnb of 
tt'terpineol C|,!I„0, and the oxiiten atom i< prr^t as a tertiary 
alcoholic group (as shemm hy the reactions of a-terpincol). Since 
tt-lerplneol adds on two bromine atoms. It therefore contains one 
double bomb Thus llie parent (laturated) httlrocarbon of a-lcr* 
pineol has the molecular formula This corresponds to 

C^n,,. the g ener a l formula of the (monoc>*clic) rjc/oalkancs. and 
so it follcm-s that a-lerplneol is a monoc>xlic compound. 

WTien lieatetl with sulphuric oad, adrrpmeol forms some 
/^mene. Taking this In conjunction with the tentalht proposal 
that a-terpineol is monocjxlic, it Is reisonable to infer that a-ter- 
pineol contains the /K^irvene skelctotL Thus we may conclude tlial 
a-tcrpineol Is probably /^roenlliane with one ilouble liond and a tcr« 
tlar>’ alcoholic group. Tlie positions of thr^sc functional groups were 
ascertained bj* Wallach (1S?!1. ISO.*!) by means of paled oxidation. 
Tlie following chart gives the results of Wallaeh’s work ; only llie 
carlwn content is indieatexl to show the ble of Ihew cailxm atoms 
(the formuLie ore givm in the text). 

a*Terpif>eol TnhydroJc\* compound (Ketobvnlron'acid) 

C,. • C.. C,, 

I II III 

—V Keto-lactone 
Cm 
IV 


Trrpmvlic .acid 


^ Terrbic ackl 

C, 

VI 



CII,<0,U 


Oxidation of a-tcrpineol, I, with 1 per cent alkaline potassium 
permanganate hj-drox^dates the double bond to produce the tri- 
h}"droxy compound II, C^tllwOf This, on oxidation with chromic 
add (chromium trioxWe in acetic add), j compound with/^ 



310 


ORGANIC CHEIHSTRY 


[CH. vm 


the moleoilar formula CioH„0, (IV). This compotmd was shown 
to contain a ketonic group, and that it was neutral, It gave 
no reaction with sodium carbonate solution* When, however, IV 
was refluxed with excess of standard sodium hydroiido solutkra, 
and then back titrated, it \vas found that alkali had been consumed, 
the amonnt corresponding to the presence of one carboxyl group. 
Thus compoimd IV appears to be the ladon* of a nKmocarboiyllc 
add* Furthermore, ^ce it is the lactone that is isolated and not 
the hjairoxy odd, this tponlantom lactonisation may bo interpreted 
as being produced from a y-h 5 rdroxyadd, IV is a )‘4actane, 
and therefore III is a y^ydroxyadd. It is possible, however, for 
d-hydroxyadds to spontaneously lactonise, and so whether IV is a 
y- or d-l^ono is uncertain at this stage of the evidence. Now, 
since IV is formed from 11 by scission of the glycol bond, and since 



there is no loss of carbon alcms in the process, the 
must therefore bo in the ring in I. On warming 
permanganate, IV gave acetic add and a compound C,HjjU 4 }• 
The formation of acetic acid suggests that IV Is a nuihyl keions, 
a CH,*CO group is present Thus IV is a^thyl Interne ^ 
a lactone ; it is known as homoterpenyl methyl ^ 

structure assigned to it has been confirmed by synthera 
a aJ., 1932). A study of the proportles of teri^ylte 

that it was the lactone of a monohydroxydicarbo^lic 
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the molecular formula (IV). This compound was shown 

to contain a ketonlc group, and that it was neutral, e^., it gate 
no reaction with sodhim carbonate solution. When, howevo-, IV 
was refluxed with excess of standard sodhnn hydroxide sohitkin, 
and then back titrated. It was found that alkali had been consumed, 
the amount corresponding to the presence of one carboxyl group. 
Thus compound IV appears to be the ladon* of a monocarboiyilc 
add. Furthermore, since it is the lactone that is isolated and not 
the hydroxy add, this sponUneom lactonisation may be interpreted 
as b^g produced from a y-hydroxyadd, IV Is a y-ketone, 
and therefore III is a y-hydroxyadd. It is possible, however, for 
d-hydroxyndds to spontaneously lactonise, and so whether IV is i 
y- or d-lactone Is uncertain at this stage of the evidence. Now, 
since IV is formed from II by scission of the glycol bond, and since 



there is no loss of asrhon atoms in the process, 
must therefore be in the ring in L On warming wm 
permanganate, IV gave acetic add and a compound (^H^4 \ )• 
The formation of acetic add su^esta that IV is a ttgujm, •» 
a CH,*CO group is present. Thus IV is a met^l ketone m 
a lactone ; it is known as homotcrpenyl methyi 
structure assigned to it has been confirmed by 

rftf/., 1932). A study of the properties of terpenyikaclj^v, 
that it was the lactcme of a monohydroxydlcarboxyhc ad 




312 


ORGANIC iiHKum iwv 


[CH, TUI 



It is of interest to note here that Sandberg (1957) has prepared 
the ^acetotricarballylate in one step from acetoacetic ester and 
ethyl bromoacetate in the presence of sodium hydride (in KmnTus 
solution). 

These syntheses strengthen the evidence for the structur e assigned 
to a-terplneol, but final proof rests with a synthesis of a-terpineol 
itself. This has been carried out by Perkin, junior (1904), and by 
Perkin, junior, with Meldrum and Fisher (1908). Only t^ second 
Qmthesis is given here ; this starts with ^tohiic acfcL 



Co mpoun d VII was also resolved with stiythnlne, each enanti^ 
morph treated as shown above (csterifled, etc.), and thereby results 
in the formation of (+)- and (— )-teipineoL It should be noted 
that in the above ^mtbesis the removal of a molecule of hydrogen 
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bromide from 3-bromo-4-methykycfohexaiio-l-carboxyllc add to 
give Vn Is an ambignous step ; instead of VII, componnd Viii 
conid have been formed. That VII and not VlLI is fonned rests 
on the analytical evidence for the position of this double bond ; 
VTUcannot give the products of oxidation that are actually obtained 
from a-terpineoL 

A much simpler synthesis of a-terpineol has been carried out by 
Alder and Vogt (1949) ; this makes nse of the Diels-Alder reaction, 
using isoprene and methyl vinyl ketone as the starting materials 
(see also Vol. I). 


CO 



I 

OHj 


yH, 

CO 

Ah 

/ \ (•.Jticid 



CH, 



Two other terpineols are also known, viz,, 
Y-terpIneol ; both occur naturally. 


^-terplneol and 



^terpineol Y'terpineol 

in.p.32'33* iiip.68-70* 


§12. Carvone, b.p. 230®/766 mm. This occurs In 

various essential oili, e.g., spearmint and caraway oils, in optically 
active forms and also as the racemic mnHtfipfltinm, 

Carvone behaves as a ketone and, since it adds on four bromine 
^toms, it therefore contains two double bonds. Thus the parent 
hydrocarbon is and since cf nre^pnTTA^ to the general 

forra^ carvone is monocyclic. Wh^ heated with phos- 

phcJtic acid, carvone forms carvamol ; this suggests that carvone 
probably contains the /Kymcne structure, and that the keto 
group Is in the ring in the oriJto position with respect to the methyl 
group. 
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V 

I I 

c c= 


carvooe 

ikeldton 


CH, ^CH, 
\ V * 
CH 



carracrol 


The stracture of carvone is laj^ely based on the fact that carvone 
may be prepared from «-terpmcol as follows : 



The addition of nitrosyl chloride to a-terpineol. I, produces ot-ter- 

pineol nitrosochlorido, IT, the addition oc cm r in g according to 

MaricownlkofTs role (the chlorine is the negative parbof,the addcn- 

dcm; see VoL I). This nltrosochloride . \ 

to the oximino compound, m (sec nltroso- ■ ; 

might be noted that this rearrangement ; 

the addition of the > ' ’oride to the 

the other way could ■ . oodme, ’• 

atom at position 1 ■ 

hydrogen chloride ' 

IV, and this, on ■ • 
of w’'h ->* 

V. Thus, according 
is ^-menth-6:8-dltu, ’ 
carvone has the 
confinn the position 
clusivdy the positions 
C (in rV), the double 
position 8 (as in V), ti- 
the above reactions • • 

(tt-t«ipineol has i- '*- 
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of these two dooble bonds have been determined analytically as 
foUowa. 

The double bond in the S^os^ion. The following reactions were 
carried ont by Tiemann and Sermnlcr (1895). 

Carvone Dihydroc»r?eol ^ Tribydroiy compotmd 

vou VI 0» ^ vn Cu 


ooi Ketonlo NaOBt 
CH jCOjH*" aJeobol 
VIII Ot 


Hydroxy 

add 

rx o» 


00,H 



OH, 


X 


Reduction of carvone, V, with sodinm and ethanol gives dihydro- 
carveoh (VI) ; this is a secondary alcohol and contains 

one double bond, i^., the keto gronp and one of the two double 
bonds in carvone have been reduced. Hydroiyiation of the double 
bond in dihydrocarvool by means of 1 per cent alkaline perman- 
ganate produces the trihydroxy compound Ci,HaO, (VTI). Oxida- 
tion of vn with chromic add causes sdasion of the glycol bond to 
produce a compound C,HuO, (VZIT) ; this was shown to contain a 
keto gr oup end a h yd r oxy l (alcoholic) group. The action of sodium 
hypohromite on V^ cnased the loss of one carbon atom to produce 
the compound C^Hj^O, (DC) ; this was shown to be a hydroxy- 
monocarboxylic add, and since one carbon is lost in its fo rm ation, 
its pcBc ur sor VUI must therefore be a meth 3 ri ketone. Finally, 
dehydrogenation of DC by heatmg with bromine-water at 190® 
under pressure produced m-hydroiy-^tohiic add, X (a knoam 
compound). Tiemann and Semmlor ejqjlained these reactions on 
the a ssump tion that one double bond in carvone is in the 8-position. 
Thru : 


OH,^CH,OH CH, 
y~oh ''c™o 
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Had the doable bond been in the 4(8)-position {rtrnctiire Vi), 
then compound Vin, and consequently X, could not have been 
obtained, since ikrea carbon atoms would have been lost daring the 
oxidatioiu 



It might be noted in passing that V contains an asymmetric carbon 
atom, whereas V<i is a symmetrica] molecule and so cannot eridbit 
optical activity. Since carvone is known in opticalfy active 
forms, structure Va must be rejected on these grounds. 

The double bond in Ike ^-potUion, Carvone adds on one molecule 
of hydrogen bromide to form carvone bydrobromlde, C^HiiOBr 
pCI). and this, on treatment with zinc dust and methanol, is cod> 
vert^ into carvotanacetone, pOI), by replacement of the 

bromine atom by hj^irogen. Thusthefinalrcarolt of these reactions 
is to saturate one of the two doable bonds in carvone, Carvoto 
acetone, on oxidation with permanganate, gives wpropyhraccinic 
add, XIII, and pyruvic add. XIV (Semmler, 1900). Ihesa pro- 
ducts are obtainable only If the ring contains the double bond in 



XII 



TEHPEKES 


317 


§13] 

the &-pc>sitlorL Had the double bond been in the l(7)-position, 
formic add and not pyruvic add would have been obtained. 
Further aupport for the G-posidon is provided by the work of 
Simoneen aL (1022), who obtained /Wwpropylglutaric acid and 
acetic^ ^dd on oxidation of carvotanacetone ^th permanganate. 


^13. Llmonene, CiqHu, b.p. 175*5-176'6". This is optically 
active; the (-f-}-fonn occura in lemon and orange oils, the (— )- 
form in peppermint and the {±)-form in txirpentine oiL The 
racemic modification is also produced by racemisation of the 
optically active forms at about 250®. The racemic modification is 
also known as dlpentene ; this name was given to the inactive 
form before its relation to the active form (limonene) was known. 

limonene adds on four bromine atoms, it therefore contains 
two double bonds. (-f)-Limonene may be prepared by dehj'drat- 
ing (4-}>a-terpineol with potasshrm hydrogen snlphate, and limonene 
{or dipentene) may be converted into a-teipineol on shaking with 
dilate lulphrtric add. Thus the carbon skdeton and the position 


of one double bond in Itmortene are known. The position of the 
other double bond, however, remains uncertain from this prepara- 
tion ; I or n is possible. 

Proof for potiUon 8. Structure I contains an asymmetric carbon 
(CJ, and hence can exhibit optical activity. II is a sym- 
metrical molecule and so cannot be optically active. Therefore I 
nnist be limonene. 

Chenucal proof for position 8 is afforded by the following 
reactions : 

limonene Limonene nitrosochloride 


in 


»• carvoxime 

rv 


Since the structure of carvoxime is known, it therefore follows that 
I must have one double bond in position 8 ; thus the above reac- 
tions may be written : 
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The connection between limonene and dlpentene is shown by the 
fact that {+)- or (— )-limoncno adds on two molecnles of hydrogen 
chloride in the presence of moistnre to form limonene dihydro- 
chloride, and thia is Identical with dipentene dihydrochloride. 



(+), or (-). 
limonene 


Limonene dihydrochlorido no longer contains an asymmetric 
carbon atom, and so U optically inactive. It can, however, exhibit 
geometrical isomerism ; the cw-form is produced from limonene, 
and the irons-form from cineole (§14). 



cu trtms 


Dipentene can be regenerated by heating the dihydrochloride with 
sodium acetate in acetic add, or boiling with anfline. On the other 
hand, when limonene dihydiochloride is heated with silver ace^o 
in acetic add, and then hydrolysing the ester with sodium hydroxide, 
l:8-terpln is formed ; the action of sodium hydroxide on 

the dihydrochloride regenerates dlpentene. 
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l:8-terpin 

1-^Terpin exists in two geometrical isomeric forms, corresponding 
to the cti and trans dipentene <iih 5 fdrochlorides. cts-l:8-Terpm is 
the common form, imp. 105®, and readily combines with one mole- 
cule of water to form terpin hydrate. The trans form, m.p. 16S- 
150°, does not form a hydrate. 

There is also a l:4-terpln ; this was originally prepared by the 
action of dilute alkali on terpinene dihydrochloride. 



Terplnenes, CioHu- There are three isomeric terpinenes, and 
all givo the same terpinene dibydrochloride with hydrogen chloride. 



«-terplneno p-terpineno Y't«pinene 

b.p. 180-ie2* b.p.I73-174* b.p. CO-73*/£Oimn. 

All three occur naturally. 

TerplnolenOi b.p. 67-fi8*/10 mm. This occurs naturally. 

It is not optically active, and since it may be prepared by de- 
hydrating a-terplncol with oxalic add, its structure is known fit is 
II, the alternative formula offered for limonene). Terpinolene adds 
on two molecules of hj'drogcn chloride to form dipentene dlhydro- 
chloride. 
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The coimection behs'een Umonene and dipentene is shovm by the 
fact that (+)" or (— }'limcmeDC adds on tm> molecules of hydrogen 
chloride in the presence of moisture to form limonene dihydro- 
chloride, and this is identical with dgsentene dihydrochloride. 



(+>• or (-)- 
limaneiM 


limonene dihydrochloride no longer contains an asymmetric 
carbon atom, and so is optically inactive. It can, however, exhibit 
geometrical isomerism ; the ci»-fonn is produced from limonene, 
and the frons-foim from cineole (§14). 



(CH,)iCCl 01 (CHihCCl CHa 

ctr wm 


Dipentene can be regenerated by heating the dfliydrochlorlde with 
sodium acetate in acetic add, or boiling with aniline. On the other 
hand, when limmipn# dihydrodiloride is heated with silver acetate 
in acetic add, and then hydrolycng the ester with sodium hydroxide, 
l:8-terpln is formed ; the direct action of sodium hydroxide on 
the dihydrochloride regenerates dipentene. 
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l;8'terpln 


1:8-Terpin exists in two geometrical isomeric forms, corresponding 
to the ds and tram dipentene dihydrochlorides. dr-l:8-Terpm is 
the common form, rn.p. 106^ and rea<hly combmes with one mole- 
cule of water to form tcrpin hydrate. The tram form, m.p. 168- 
169®, does not form a hydrate. 

There is also a l;4-tefpln ; this was originally prepared by the 
action of dUutc gJIfnli on tcrpinene dfliydrochloride. 



Terplnenes, CjoHu, There are three isomeric tcrpinenes, and 
all give the same tcrpinene dlbydrochloride with hydrogen chloride. 


$ ^ 

a-t«rpIncM p-MrpIueiio Y'tcnjlnene 

b.p. 180-182* b.p.m-W b.p. K)-73>Wn. 

All three occur naturally. 

Terplnoleue, Cj.Ki,, b.p. (n-68*/10 nun. Tbis occun naturally. 
It b not optically active, and 5in<» it may be prepared by de- 
hj-drating *-terpineoI with oxalic odd. itJ structure is known (it is 
II. the alternative formula offered for limonene). Tcrpinolene adds 
on two molecules of hydrogen chloride to form dipentene dUrydro- 
chloridc. 
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Pheliaadrenes, There are two pheflandrenea, both of 

which are optically active, and all tho emmtknnorph* occtit 
naturally. 


a*phell*ndrene p-phallAndrene 

b.p.®-697iemm. b.p.:n-17S*> 

§14. 1:8-Cln50le, b.p. 1744". Thia occun in 

cucafypttta oils. It is isomeric with ct-terpineol, but contains 
neither a hy droxy l gr oup nor a double bond. The oxygen atom in 
cmeole is inert, it is not attacked hy sodium or by the usual 
rednrfng agents. This inertness suggests that the oi^'gen atom is 
of the ether type. Support for thl< is obtained from the fact that 
dehydratian of cM-l:8-(erp{n gives TS-dneoIe ; at the same time, 
this reaction suggests that tho structure of dncole is I. 



Further support for this structure is afforded by a study of the 
products obtained by oxidation (Wallach d el,, 1888, 1800, 1892). 
When oxidised with potawhnn pertnanganate, dneol© forms cineolic 
acid, n, and thb, on distillation with acetic anhydride, forms 
cineolic anhydride, ni. When distilled at atmospherk pressure. 
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cmeolic antydridc forms 5^thyIliept'5-en-2-one, IV, a known 
compound (^). These reactions wore interpreted by ‘Wahach as 
foUovFS : 



Further work on the structure of cineolic add has confirmed the 
above sequence of reactions (Rape, 1901, — ). 

There is also a l:4-clneole ; this ooaiis naturally. 



l:4-eineoIe 


b.p. X72* 

Ascarldole, b.p. O0-97*/B mrm The dneoles are 

oxides ; ascaridole, hem-ever, is a peroxide, the only known terpeno 
peroxide, and it occurs naturally in, €.^., chenopodium oil, IVhen 
heated to lSO-160*, ascaridole decomposes with explosive violence. 
IVhen reduced catalytically, ascaridole forms l:4-terpin (Wallach 

-$ 

V 

1012), and this led to the suggestion that ascaridole is V. This 
structure has been confirmed by further analytical work. Ascaridole 
Ims been sunthesised by Zie^er et aJ. (1044) by the irradiation 
of a-tcrplncnc in dilute solution in the presence of chlorophjdL 
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§16. Sylvestreue, 176-178®. This compouDd exists 

in (+)-. and (±)-forTns: the racemic modification is also 
known as carvcstrcne {cf, limonene and dipentene, J13). The 
(-4-)-foTm of syivcstrenc was first obtained from Swedish pine 
needle oU (Attenbcg, 1877), and was shown to contain the »Kyin«}e 
carbon sk d e ton (Bacycr d aj., 1898). Thus syivestrene appeared 
to be the onty monocyclic monotapeaie which did not have the 
^►-cymcne structure and was obtainable from natural sources. 
Although the m-cymene structure can be divided into two isoprene 
units (Wallacii’s iscprene rule), these two units are not Joined bead 
to taiL 


0 C-0. 

1 4-.^ 



m-cjmene skrieton 


Subsequent work, however, showed that sytvestrttne does not occur 
in pine ofl. In the extraction of tyivestrcne, the phe oil is heated 
with hydrogen chloride to give syivestrene dibydrochloride. This 
compound was shown by Slmonscn d al. (1923, 1925) to be produced 
by the action of hydr o ge n chloride cm car-3-cne, these workers 
showed conclusvely that the terpene oripnaDy p res e nt in Swedish 



pine qQ Is car-3-eiie. Syives tr ene may be obtained from its di- 
lydrodiloride by heating the latter with aniline; removal of 
hydrogen chloride from the ring can give rise to two possible 
positions for the ring double bond. Analytical work has shown 
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that the side-chain is jstjpropenyl (and not isopropylidene), and 
that sjdvestrcne is a mixture of the two forms, fn-mentha-l:8- 
dienc and fn-mentha-fliS-diene. Farthennore, it has been shown 
that car-4-ene is also present in pine oil ; both of these carenes 
are readily converted into sylvestrcne, and so it appears that the 
precursor of sylvestrcne fitsclf a mixture) Is a mixture of the two 
carcnca (see §21). 

The cnantiomorphs of syKTStrene have been ^thesised (Pcrldn, 
junior, d aJ., 1013), and it has also been shown that an equlmolecular 
mixture of the dihydrochlorides of (+)- and ( — ) -sylvestrcne is 
identical wth carvestrene dihydrodihmde. 

§16s^^enthol and menthone. Menthol, is an optic- 

ally acti\’e compound, but only the (— )-form occurs naturally, 
g.g., in peppermint oils, (— )-MenthoJ, m-p. 34*, is a saturated 
compound, and the functional nature of the oxygen atom is alcoholic, 
as shown by its reactions, #.g., menthol forms esters. Furthermore, 
since oxidation converts menthol into menthone, a kdons, the 
alcoholic group in menthol is therefore lecondaiy. Also, since 
reduction with hj’drogen iodide gives ^menthanc, menthol most 
probably contains this carbon skeleton. Finally, since (-f)-pule- 
gone giN'cs menthol on reduction, and since the structure of pulegone 
is known to be I (see §17), it therefore follows that menthol must 



be II. This structure, ^racnlh-3-ol, for menthol has been con- 
firmed by consideration of the oxidation products of menthone 
(sec below), and also by the synthesis of menthol. 

Examination of the menthol structure shows that three dis- 
similar asjmmctric carbon atoms (I. 3 and 4) arc present ; thus 
eight optkallj* acti\*e forms (four racemic modifications) are p^ble 
theoretically. All eight cnanttomorphs are known and their 
configurations arc as foUows (the horixonlal lines represent the 
plane of tire r>rfohexarre ring) ; 
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Hentbol 



iwHentbol 



' uoMenthol 



These confignrations have been assigned from a study of rhmrnrflT 
and optical relatfonships and the Anwns-Skita ink. More recently 
the application of conformational anafysb has confirmed these 
results. Ehel (1053) c^iplied the principle that the esterification 
of an ajdal hydro^i group occoES less readily than wHh an eqoataiial 
one. Fnrthermore, Eliel postulated tbai the reaction pr oce eds via 
the conformation of the molecule in •which the reactive hy dr o x y l 
group is equatorial, and that the rate difierencea should be attributed 
to that cncTBy necessary to place the other substituents, if necessary, 
into the axial confomtation (see also §12. IV). On this basis, the 
rates of esterification of the isomeric merTthols wiD be : 
menthol > iso- > neoisty > nto-. 

These are the orders of rates actually obtained by Read et tl. (1034). 
The foDowing conformations have been assigned by Eliri from 
chemical studies, and are supp o rted by Cole ti aJ. (19^ from their 
infra red sp e ctra and confomiatum studies. 



tfoMenthol mmhiMenthM 

In menthol, aU of the substituents are equatorial, and in the rest 
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one is axiaL It should also be noted that the larger of the two 
alkyl groups (tiopropyl) fa always equatorial (c/. §11. IV). 

Menthone, CjoHnO, b.p. 20t*/760 mm. (— )-Menthone occurs 
in peppermint oih and it may readlty bo prepared by the oxidation 
of (— )-meiithol with chromic add. Menthone fa a saturated com- 
pound whkh has the characteristic pro perties of a ketone. When 
heated with hydriodlc add and red phosphorus, menthone fa re- 
duced to ^menthane ; thus this skeldon fa present in menthone. 
Oxidation of menthone with potassium permanganate produces a 
compound CjoHuO, ; this compound was shown to contain a keto- 
group and one carboxyl group, and fa known as ketomenthylic acid 
(TV). Ketomenthjdlc odd Itself is very readily oxidised by per- 
manganate to ^-methyiadiiric add (V) and some other adds (Arth, 
1880 ; Manasse et al., 1804). The foregoing oxidative reactions 
may bo formulated as follows, cu the assumpHon that III fa the 
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structure of menthone. This structure for menthone has been 
confirmed by synthesis, e.g., K6tz and Schwarz (1007) obtained 
menthone by the distillation of the calcium salt of ^-methyl-a-wo- 
propylpbnellc add, which was prepared as follows. S-Methyirydo- 
hexanone, VI, was condensed with ethyl oxalate in the presence of 
sodium, and the product VII then heated under reduced pressure ; 
this gave the ethyl ester of 4-methykyciobexan-2<tne-l-caiboxylic 
add, Vin. VIII, ou treatment with sodium ethoxide followed by 
isopropyl iodide, gave IX, and this when boiled with ethanolic 
sodium ethoxide and the product then addified, gave ^-methyl-a- 
uopropylpimelic add, X (note the acetoacctic ^er frarmeut in 
Mil). 

Stmeture III contains two dfatimnar asymmetric carbon atoms 
(1 4), and so four optically active forms (and two racemic 

roodificatiora) are possible. All are knmvn, and correspond to the 
roenthooes and uoraenthones ; these are geometrical Isomers, each 
one existing as a pair of cnantiorooiphs. The configurations have 
been signed on pfaj-dcal evidence ; the cis-faomer has the higher 
refracti\*e index and density (Anwm-Skita rule; see $6z. IV). 



320 


ORGANIC CHEiUSTEY 


[cH. vm 




di-isomer lr<wi-Jsomer ; 

doilantbom Afeothooo 


§17. (4-)-Pale6one, Ci^kO, b.p, 221-S22*. This occnrs in 
pennyroyal oils. Polegone contain one doable bond, and behaves 
as a ketone. On redaction, polegone first gives mentbone and tbii, 
on further reduction, gives mentboL \Vhen oxidised with per- 
manganate, pulegoue forms acetone and ^-jnethyladipic add 
(Sennnler, 1362) ; T^en boiled with aqueous etbanolic potassium 
hydroxide, acetone and S-metbyieydobexanooe are obtained 
(Wallacb. 1866). These reactions ibow that pulcgone is ^menth' 
4(8)-cn-3-oiie. 



pnleffcme 
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This structure has been confirmed by synthesis, starting from 
3-methyhycA)heianone (Black rf oA, 1966 : ej. menthone, §16). 




cyclic k«Ul paJegone wpalegone 


»K>Pulegone can be isomerised to pulegone by alkaline reagents 
(Kon €i al., 1027), and Black d al. found that, on treating their 
mixture with sodium cthoxidc, the resulting compound was pure 
pulegone. 


§18. {— )-Plperltone, b.p. 232-233®/768 mm. This 

occurs in eucalyptus oils, and is a valuable source of menthone and 
thymoL Piperitone contains on© double bond, and behaves as a 
ketone. Piperitone, on cataljdlc hydrogenation {nickel), gives 
menthone in almost quantitative yield ; on oxidation with ferric 
chloride, thymol is obtained (Smith d ai., 1920). These reactions 



sho^v that piperitone is ^menthene-S-one, but do not show the 
position of the doable bond- This had been shown by Schimmel 
(1010), who found that on oxidation with alkaline permanganate, 
piperitone gave a-hydroxy-a-methyl-a'-Mopropyladiplc add, II, 
y-acetyki-tiopropylbutyric add, m, and a-i'wpropylglutaric add. 
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IV. These resoHs can be npibnned ediy H pqwilcQe is ^^centb- 
l-en-S-one, L This stinctcre far p^sentane has been < 
vaiions syntlifises (c^., Henetha. 194S ; Biith d oL, 1949). 


BICreue MOXOTERPEXES 

fl9. IntrodoctloiL. The lecycEc monatepenes rsay be 
into three dases a c c erdi ng to the ere of the sfficxf ttt^ the fai 
being a rmg in #gtr^ dass. 

Class I (6- 3-ntemheied ring). 


CH 

CH '^CH, 

< 

C^t 

l\ 1 

chN^/CH, 




tlr^ise < 

Class n (5> -r 4-cnsnhered ring). 


di] 

in ' 


CHj 

1 

CH 

I 


/ 

CH, 


CT, 

CH 


'Sj, 

CH 


Class in (&- -f- 5-snenibaed 

CiUj 
I * 

CHj 1 CH, - - 
jCHj— O— CIH 3 I 
CH, I 

''N:h 


r L, 

CH, I 

^CH 

csTOSniphxne'' 
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E U 1 QH, 


IH| I CH| 
CHf-0“CHj| 

B, I ^OH-CH, 


feDoh*ae wbomyluie 

It is important to note that the two rings do not lie hi one plane, 
bat are almost perpei>dicalar to each other. 

§20, Thujone and Ita deiivatlTes. The members of this group 
which occur naturally are the following : 



Uatjl tkabol tbo^ ■nfc < >W o— » w Wmi * mUjk4 

§21. Carane and lu dariyatlTes. It appears that only three 
carane derivattva occur naturally : 

car-S-eoa car-4-ene car-3-en»-fi:6-«poil(la 

Car -3-ene occurs in Swedish pine needle oiL It Is a liquid, b.p. 
nCT’ ; when treated with hydro^ chloride it forms a mixture of 
sylvestrene dihydrochloride (see §10) and dipentene dihydro- 
chloride (§13). 



(+)*CoT-4-ene, b.p. 105*5— 167*/707 mm., occurs in various 
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essential oils. It forms sylvestrene diliydrodiloride on treatment 
with hydre^en diloride (§16). 

Car-3-ene-5:6-epoxlde, b.p. 83-86®/14 mm,, occ urs in certain 
e ssen tial oils. 

Carone, b.p, 99-100®/16 mm., is a synthetic compound, and is 
of sonifi import ance because of its relationship to caiane. It was 



dlhydrocarTooe cartme 




ts I 

CH,-CO,H 


CHw 

— CH,-CO,H 

CHi^l 

CH,-CO|H 


Brt/P 


pi^-dbnethyl^Uric add 


^CHBr-COBr.„„„ CBBrCOfiiB, 


KOH 


[-OOjH 

[•COjH 
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first prepared by Boeyer ei al. (1894) by tlic action of hydrogen 
bromide on dibydrocarvone, which was then treated with eth a nolic 
potasshim hydroxide, wheronpon caione was obtained. 

The Btmctnre of carone was established by Baeyer^taZ. (1890), who 
obtained caronic add on oxidation of carone with permanganate. 
Baeyer suggested that caronic add was a pydcpropane derivative, 
and this was confirmed by synthesis (Perldn, junior, and Thorpe, 
1899), starting with ethyl ^^^-dimethylacrjdate and ethyl cyano- 
acetatc (see opposite page). 

An interes thig point about carone b that its nltraviolet absorption 
spectrum shows similarTties to that of o-'^-unsaturated ketones 
(Klotz, 1041). 


p2. Flnane and Its derivatives. Plnane, the parent com- 
pound of tins group, b a synthetic substance which may be prepared 
by the catalytic hydrogenation (nickel or platinum) of either 


«.pmend piaaiw P’plnene 

a- or ^pinene. Pinane exists in two geometrical isomeric forms, 
cit and Irans, and each of these exists as a pair of enantiomorphs. 

eis tram 

f22a. a-Pinene. Thb b the most important member of the 
pinano class. It occurs in both the (+)- and (— )-forms in all 
turpentine ofls ; it b a liquid, b.p. 16^. 

The analytical evidence for the structure of a-pinene may con- 
veniently divided into two sections, each section leading inde- 
pendently to the structure, and the two taken together giving very 
powerful evidence for the structure assigned. 

MeiMod 1. The molecular formula of a-pinene b and 

since a-pinene adds on two bromine atoms, one double bond b 
present in the molecule. Thus the parent hydrocarbon b 
and sbcc thb corresponds to the general formula the 

general formula of compounds containing fapo rings, it therefore 
follows that a-pineno b bicydic {Wallach, 1887-1891). In the 
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p r ep a iatloD of a-^raiCBc nitrosocliloddfi (ty t3ic action of nhrosyl 
p'hlm^dg on a-pinene) tbc l^-prodocla ^fbkli were fonned were 
steam distilled, and the compotmd plncl, CuHj^O, was therchy 
obtained. I^ol adds on one aaolecnle of bromine to form pinol 
dibromlde, and so ^ol contains one double bond, Fnrthexinore, 
the action of lead hydroxide on pdnol dibromlde conver ts the latter 
into ponol glycol. faoHxsO(OH)^ and this, on oxidation, gives 
terpet^c add (Walladi et al., 1889), Fxnol (ill) is also obtained 
by the action of eodhrm ethoxide on ee>terj^neol dibromide. tl 
(WaBad), 1893). Wagner (1891) showed that the ooddaticin of plnol 
with pennanganate gives pinol glycol (IV), t^nch is farther oxidised 
to terpenyiic add (V). All these facts can be explained as follows, 
based on I being the rtm clur e of a*terpmeol (see also flX). 



rv V 


S up por t for the strncbire given for pii»l (HI) is obtained from the 
fact that oddation of xdbrenl (pinol hydrate) ptodnces a tetra- 
l^rdric alcohol, scbrtryOtritol. Sobrtrol itedf Is readily prepared by 
the action of l^drogen bronnde on pinoU foHowrf by sodium 
tydmxidft. These reactioni may thus be formulated: 



' pinol plnol •obmoJ eotrerylhritof 

bydroh romido 
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Thus, if the fonnula for a-pinene Is VI, then the forraatioii of the 
above substances can bo explained. This structure also accounts 
for other reactions of a-pinene, e.g., its ready hydration to a-terpineol 
(see later). 


- VI 

Mthfmgb the Wagner formula (VI) for a-plnene readily explains 
all the facta, there is no dinct cvfdmce for the existence of the 
cydobutane ring. Such evidence was supplied by Baeyer (1896). 
This Is described in method 2, 

Method 2, As in method I, a-plnene was shown to be blcyclic. 
\Vhen treated with ethanolic salphuric add, a-pinene is converted 
into a-terpinool (Flavitiky, 1870). Therefore a-pinene contains a 
aix-membered ring and another ring (since it is bicyclic), the carbon 
sltdeton of pinene being sudi as to gi\^ a-terpdieol when this 
second ring opens. Since, in the formation of a-terpbeol, one 
molecule of water is taken up end the hydroxyl group becomes 
attached to this suggests that the C, of a-te^pineol is involved 
in forming the second ring in a-pinene. There are three possible 
points of union for this resulting in two tliree-membered and 
one four-membered ring (see VII); at the same time the position of 
the double bond in a-pinene U also shown by the conversion into 
a-terpineol (I). 



A point of interest here is that there are actually fovr possible 
points of union for C,, the three shown in VII and the fourth being 
at the double bond to form a four-membered ring (Vila). This 
one, however, was rejected on the grounds of Bredfs rule (1024) 
which states that a double bond cannot be formed by a carbon atom 
occupying the bridge-head (of a bicjxllc system). The explana- 
tion for this rule is that s tmctui 'e s such ax VITfl have a large amount 
of strain. 
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This second ring was shown to be fonr-membered by Baeycr (1896), 
who carried out the foUertring series of reactions. 


wins*lk. 

tt-Pinene — ► Pinene riycol Pinonic add 

EKaOf C3 £bO« 

Cu Cjo Ck 

VI vm IX 


Knic add -}- CHBtj 

C, 

X 


tD&« fipBafOH), 
(90 tfancafe acU 


cir-XoTjanic add 

c. 

XI 


Pinene gJynoU CiaHu(OH)j, is produced by hydrorjdation of the 
donWe bond in a-pinene, and pinonic add, is produced by 

sdssion of the ^ycol bond. Pinonic add was shown to be a satur- 
ated keto-monocaiboxylic add. The formation of pinic add. 

and bromofonn, indicates the presence of an ace^l group 
in jrinonic add, Pinic acid, whidi was shown to be a saturated 
dkaiboxjdic add. on treatment with bromine, then baritnn hydrox- 
ide, and finally the product oddised with chrcmic add, ^ves 
cianaorptmc add, This was shown to be a saturated 

dkarbosyiic add, and so its formula may be written CgH 2 f(CO|H)f. 
Purthetmore, since g-pinene contains two grotps attached 

to a carbon atom in the second ring (see VII), and it is the o^Aer 
ring (the ax^nembexed one containing the double bon^ that has 
bem opened by the ibovc oeddarion, then norp in ic add (with this 
second ring intact) contains these two methyl groups. Tbris the 
f onnu la for nor pin ic add may be written (CHJ^jH^(COjH)^ 
Hence, regarding the methyl and carboxyl groups as sni^itnents, 
the parent (saturated) hydrocarbon (from which norpinic acid is 
derived) is Tins cerrespoods to ^xlobutane, and so noipmic 

add is (probably) a dimethylc>viofaqtanedifaiboxyiic add . On this 
basis, pinic acid could therefore be a cjtfcbirtajje derivative with 
one stdo-chain of — CH,<X)^ 

Baeycr therefore astuntsi that pmT^ md norpinic adds contained 
a ^tiobutane ring, and so s ugg ttte d the following stru ctur es to 
account for the above reactions, a ccepting structure VI for g-pinene, 
the structure already proposed by Wagner (1691). 

The s}mlhesi5 of norpinic add (to confirm the above reactions) 
p roved to be a v e r y difficult problem, and it was not carried out 
until 1929, whej Keir suc cee ded with the following ingenious 

method (apparenttythepresenceof the gejn dimethyl group prevents 

dosure to form the (^riblnitane ring). 

The n or p inic add obtained was the imns-isomer ; this is readily 
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VI vin 


itii ^ 




DC 


X 



brcmoplnle 

Add 



bydrazjpinlc 

Add 


converted into the os-lsomcr (the isomer obtained from the ojcida- 
lion o( «-pincnc) by heating the irons add with acetic anhj'dridc, 
whereupon the cir anhydride is formed and this, on h>*dxolysis, 
gives the cis add (Simansen ft al., 1020). 






CO^ 


£!^(cii.).cr . ■ 

l^A'CO 


/Co^n 

(.1 X»OH 

(•Htu (CHj)jC...^ 

^0;CO,tI 

COt^l 


i!rx 



(CII,),C\ ^CII, 


The total s>*nlhr3ij of ct-pinenc has now been carried out in the 
fotkwing vray. Guha ri (1037) s%*nthesiscd pinie add from 
norpinic add, and Uao (1013) fj-nlbesiKd plnonic add from s^m- 
thrtic pinic add {f^e next page). 

Ktuicka rfiif. (!l*20-1021)hadalrcady^Titheaiscda*pincne5tarting 
from pinonlc acid (obtainr»l \ry the oxidation of tt-j^ene). Thus 
now luN-c a total sj-nthcsl* of a-pinene. Kudeka's PjTithcsis 
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/roni'iKvpi&Io di**nli^ydrido 



Pimf 

(B}KC3« 



makes use of the Daizens gtyddic ester synthesis (see VoL I) ; 
the steps are: 


OH, OT, 

'io 

^^coah.+ ch.oi-coah. cjWBt, — 


ethyl pinon&te 


glyddhs eater 


OH, 

/^X>CO,H 
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O'pinwrt 6-pineffw 


The final step gives a mixture of two compoouds, a- and (J-pinene. 
The former Nvas identified, hy the preparation of the nitrosochloride ; 
this proves that one of the prodncts is a-pinene, but does not prove 
which is a and which is d. These are diflercntiated by consideration 
of the analytical evidence ; the followmg evidence also supports 
the structure given for a-pineae. This evidence Is based on the 
fact that diazoacetic ester combines with compounds containing a 
doable bond to form pyrasollDe derivatives, and these, on heating 
alone or with copper powder, decompose to produce cycftJpropane 
derivatives (see also §2a, XII). When the two plnenes were sub- 
jected to this treatment, and the resulting compounds oxidised, 



^plneoe 


ff-pinene gave l-mcthylo'c^<T*^»P®nc-l:2J^tricaiboxyiic add, and 
d-pinenc c>t:/opropane-l:2'>ttcarboxyUc add. These prodncts ore 
In accord with the structures assigned to a- and didnene. 
Examination of the a-plncne itructure shows that two dissimilar 
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asymmetric carbon atoms are present ; thus two pairs of cnantio- 
morplis are possible. In practice, however, only one pair is known. 
This is due to the fact that the four-member^ ring can only be 
fused to the sfac-membered one in the c»»-position ; irans fusion is 
impossible. Thus only the enantiomorfdis of the CM-isomer are 
known. ‘ 

Isomeric with a-pinene are /J- and d-pineno ; the former occurs 
naturally, the latter is synthetic (see Ruzicka'a synthesis) 



p-plnene fr*plnene 


Camphane and Its derivatives. Camphnne, CnHu. is 
a synthetic compound, and may be prepared from camphor, g.g., 
(i) By reduction of camphor to a mixture of bomeols (§23b), 
th^ tbffl converted to the bomyl iodides which are finally recced 
to camphane (Aschan. 1900). 



camphor eamphane 


(H) Camphor may be converted into camphane by means of 
the WolS-Kishner redaction (see also VoL I). 



rnTnphnn^ 15 a sohd, m.p. IW® j It Is Optically inactive. 

N.^3a. Camphor. This occurs in nature in the camphor tree 
of Formosa and Japan. It is a solid, m.p. 179", and Is optically 
active ; the (-!-)“ ^d { — )-fotin3 occur naturally, and so does 
racemic camphor, which is the usual form of synthetic cam phor 
(from a-pineno ; see later). 
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A tremeDdons amomit of work was done before the stnictnro of 
camphor was successfully duddated ; in the foUowing account 
only a small part of the work is described, but it is suffident to justify 
the stru ctur e assigned to camphor. 

The molecular formula of campluTr is Cj^uO, and the general 
reactions and molecular refractivity of camphor show that it is 
saturated. The functional nature of the oxygen atom was shown 
to be 0X0 by the fact that camphor formed an oxime, etc., and that 
it was a keto group was deduced from the fact that oxidation of 
camphor gives a dicarboxylic add containing 10 carbon atoms ; a 
monocarhoxyHc add containing 10 carbon atoms cannot be obtained 
(this type of add would bo expected if camphor contained an 
alidade group). From the foregoing facts it can be seen that the 
parent hydrocarbon of camphor has the molecnlar formula CioHj, ; 
this corresponds to and so camphor is therefore bicyciic. 

Camphor contains a — CH,*CO — group, since it forms an oxime 
with nitrous add (tioamyl nitrite and hydrogen chloride). Finally, 
distillation of camphor with line chloride or phosphorus pentoxide 
produces j^-cymene. 

Bredt (1893) was the first to assign the col l e c t formula to cam- 
phor (over 30 have been proposed). Bredt based his formula on the 
above facts and also on the facts that (a) oxidation of camphor 
with nitric add gives camphoric add, (Malagutl, 1837) ; 

(6) oxidatian of camphoric add (or camphor) with nitric add gives 
camphoronic add, (Bredt, 1893). 

Since camphoric add contains the same number of carbon atoms 
as camphor, the keto group must be in one of the rings in camphor. 
Camphoric add is a dicarboxylic add, and its molecular refrac- 
tivity showed that it is saturated- Thus, in the formation of 
camphoric add from camphor, the ring containing the keto group 
is opened, and consequently camphoric add must be a monocjdic 
compound. 

Camphoronic add was shown to bo a saturated tricaiboxjdlc add, 
and on distillation at atmospheric pressure, it gave tmbutyric 
acid, IT, tiimethyisuodalc add. Ill, carbon dioxide and carbon 
(and a small amount of some other products). Bredt (1893) there- 
fore tM^getied that camphoronic add is ouai^-Winethyltricarballylic 
add, I, since this structure would give the required decomposition 
products. In the following equations, the left-hand side molecule 
is imagined to break up as shown ; one molecule of carbon dioxide 
and two molecules of wobutyric add are produced (but there is a 
shortage of two hydrogen atoms). The right-hand side molecule 
breaks up to form one molecule of trimethylsncchiic add, one 
molecule of carbon dioxide, one atom of carbon, and two atomt of 
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hydrogen wiiicli now make up the shortage of the left-hand side 
molecule. Thus : 




Hence, if camphoronlc add has stmctore I, then camphoric add 
(and camphor) must contain thru methyl groupt. On this basis, 
the formula of camphoric add. CJ 3 j, 04 , can be written as 
(CHa)^iH,(CO,H)^ The parent (saturated) bydrocaibon oi this 
is CjHij. which corresponds to t>., camphoric add is a 

eycfopentane derivative (this agrees with the previous evidence 
that camphoric add is monocyclic). Thus the ooddation of cam- 
phoric add to camphorouic add may be written : 



This skeleton, plus one carbon atom, arranged with two carboxyl 
groups, will therefore be the structur e of camphoric add. Now 
camphoric anhydride forms only one monobromo derivative 
(bromine and phosphorus) ; therefore there is only one a-hydrogen 
atom in camphoric add. Thus the carbon atom of one carboxyl 
group must be jC (this is the only carbon atom joined to a tertiary 
caxb^ atom). Furthennore, must be the carbon of the keto or 
methylene group in camphor, since it is these two groups which 
produce the two carboxyl groups in camphoric odd. The problem / 
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is now to find the position of the other carboxyl group in camphoric 
add. Its position must be such that when the cydopentane ring 
is opened to give camphoronic add, one carbon atom is readily lost. 
Using this as a world^ hypothesis, then there are only two reason- 
able structures for camphoric add, IV and V. IV may be rewritten 



IV IVtf V 


as IVfl, and since the two carboxyl groups are produced from the 
— CHj’CO — group in camphor, the precursor of IVa (».«., camphor) 
will contain a six-member^ ring with a g«m-dimethyl group. This 
structure cannot account for the conversion of camphor into 
/►-cymene. On the other hand, V accounts for all the facts given 
in the foregoing discossian. Bredt therefore assumed that V was 
the structure of camphoric add, and that VT was the structure of 
camphor, and proposed the following reactions to show the relation- 
ships between camphor, camphoric add and camphoronic add. 



Bredt, hemuver, realised that if camphor had structur e Vn, then 
an the foregoing facts would be equally satisfied, but he rejected 
VII in favour of VI for a number of reasons. One simple fact that 




CH(CH^ 

VIII 


may bo used here for rejection of MI is that camphor gira carvaCTol, 
Mil, when distflled with iodine. The formation of this compound 
can be expected from M but not from MI. 

Formula M for camphor was accepted with resm-e at the time 
when Bredt proposed It (fa 1803), but by 1903 oh the deductions 



342 OKGiUnC CHEMISTEir [CH. TOI 

of Bredt were confirmed by the syntheses of camphoronfc add, 
camjdroric add and carnjdior. 

Synthesis of (±)-camphoronJc add {Perida, innior, and 
Thorpe, 1897). 

OH} CSj CEBe 

^ (r|C.H.ON.^ ^ ^ ^ Z.tai,B>-CO,CtH^ 

OH, iWr). 

COAH, CO/),H, 00,0,11, 



f'lwe, 

lajKCN 



OOAH. OOAH, 



Synthesis of (±)-oamphorlc add (Komppa, 1003). Komppa 
(1899) first synthesised ^•,^~dimethylglataric ester as follows, start- 

kcH,),g' codsH, 


(CH,),0~CH C0-0H, + CH,(CO,C,Hd, 


,),n cod 

CH, OH, 
^co 


(OHJ, 



MHO OHj CH» 

'^CO 


^..eCHj-COjH CafuoH 
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the add was i^thesised later by Komppa, we now have a total 
synthesis of camphor. 



campborio eanphorio a>cainphoIide 

Add anhydddtt 



bomocamphorie 

Add 



This is «o< an cnambigucms synthe8is,aincc the camphollde obtained 
mi^t have had the stractnre IX (this is actually ^-caiopbolidfi). 



P'CaiQpbolide X 

DC 


In this case, bomocamphorie add wonld have had structure X^ 
and this would have pven camphor with structure VII which, ss 
we have aeoi, was rejected. 

Si«r«och^mistry of camphor. Camphor has two diBsimflar isym- 
metric carbon atoms (the same two as in camphoric add), hue only 
one pair of CMmtlomoiphs is known. This is due to the fact that 
only the c»»*form is possible; irons fusion of the ^««*dimcthyl- 
meti^ene bridge to the cyciohexaoe ring is imposdble. Tims only 
the enantiomorpha of the cw-4somer are known [cf. g-pinene, $22a)- 

Soms ieriwdioes of camphor. The positions of substituent groups 
in ca m p ho r are indicated by numbers or by the Greek leth^ 
« {«■ S), or o> {«*» 10), and n («» 8 or 0). When {-f )-camphor is 
heated with bromine at 100*, a-bromo-{-f )-camphor is produced. 
This, on warming with snlj^ittric add, is converted into a-bromo 
(-f-)-camphor-tft-Bu^)honic add which, on reduction, forms (+)" 
camphor-jr-sab^honic add. (i)4imphor-«-salpbonic add is ob- 
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tamed by the sulphonation of (+)-camphor with fuming sulphuric 
add ; under these conditions, (-l-)-camphor is racemlsed. On the 
other hand, sulphonation of (-l-)-canijior with sulphtiric add in 
acetic anhydride solution produces (+)H:amphor-^-5olphonic odd. 
These various (+)-cam|^orsaljhonic adds are very valuable 
reagents for resolving racemic bases (§10 iv. 11). 

Commercial preparation of camphor. Synthetic camphor is 
usually obtained as the racemic modification- The starting material 
is a-pinene, and the formation of camphor involves the Wagner- 
Meerwein rearrangements (see 523d). Scheme (I) is the earlier 
method, and (ii) is the one that is mainly used now. 


(I) ot-Pinene Bomyl chloride Camphene “ 

MiOE CA'IO. 

uoBorayl acetate ► i*oBomeol Camphor 


(ii) a-Pinene Bomyl chloride Camphene ■ 

StOH 0, 

iwBoniyl formate ► wBomeol ^ ^ Camphor 

523b. Bomeola, CjoHuO. There are two stereoisomeiic com- 
pounds of the formula Ci^uO ; these correspond to bomeol and 
f/obomeol, and both are known in the (-f )- and (— )-fonns. The 
bomeols occur widdy distributed in essential ofla, but it appears 
that the ttobomeols have been Isolated from only one essenti^ oil. 
Bomeol and twbomeol are secondary alcohols, and the evidence 
now appears to be conclusive that bomeol has the tfnioconfiguration 
in whi(i the garn-dimethyl bridge is above the plane of the cyclc- 
hocane ring and the hydroxyl group is below the plane. froBomeol 



bomeol 
m.p. 208-5* 


uo bomeol 
in.p.il?* 
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has the «o-configiiratioii in ^^^ilch the bridge and the hydroxyl 
group are both above the j^ane of the cycioheiano ring. 

Kwart et al. (1066) have now obtained direct evidence on the 
configuration of bomyi chloride, Bomyl dichloride (I), the struc- 
ture of which has been established by Kwart (1963), is converted 
into bomyi chloride (II) by sodium amalgam and ethanol, and 
into camphane (III) by sodium and ethanol 



Both bomeol and wwbomeol are pnxiuced when camphor is 
reduced, but the relative amounts of each are influenced by the 
nature of the reducing agent used, e.g., electrolytic reduction gives 
mainl y bomeol, whcreas catalytic hydrogenation (platinum) gives 
mainly irobomjeol ; uobomeol is also the main product ^en 
aluminium tsopropoxide is used as the reducing agent (the Meer- 
wein-Ponndorf-Veriey reduction; see VoL I). Bomeol is con- 
verted into a mir hiro of bomyl and uobomyi chlorides by the 
action of phosphorus pentachloride, Bomeol and wobomcol are 
both dehydrated to mm phffrw (§23c), but the deh 3 rdration occurs 
more readily with iwbomeol than with bomeol Both alcohols 
are oxidised to cam phor, but whereas bomeol can bo dehydrogen- 
ated to camjdior by means of a copper catalyst, woboroeol 
cannot. ; 

$23c. Camphene and Bomylene. Camphene, C]^x 4 > °^-P’ 
61-62®, occurs natnralty^ in the (— K (±)-forms. It may 

be prepared by the removal of a molecule of hydrogen chloride 
from bomyl and uobomyl chlorides by means of sodium acetate, 
or by the debj^dration of the bomeols with potassium hydrogen 
sulphate. Th^ methods of preparation surest that camphene 
contains a double bond, and this is supported by the fact that 
camphene adds on one molecule of hrr r^frw or one molecule of 
hydrogen chloride. Oxidation of camphene with dilute nitric acid 
produces carboiyapocamphoric acid, and apocamphoric 

acid, C,Hi 404 (Marsh et aL, 1891). The formation of the former 
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add, which contains the same number of carbon atoms as camphene, 
implies that the double bond in camphene is in a ring ; and tJ^ fact 
that carboxyapocamphoric add Is converted into apocamphoric 
add when heated above its mdting point implies that the former 
contains two carboxyl groups attached to the same carbon atom 
[cf. malonic ester syntheses). These facts were explained by giving 


r 


OVCOjfU 

-HO 


QOiH 

iJco.H- 


/Nx),h 


boTDjl camphene earbaryapocamphoric apocunp^orio 

chloride I ' add 


camphene the formula shown (I). The structure of apocamphoric 
add \vas later proved by synthesis (Komppa, lOOl ; cf. camphoric 
add, 523a). 

This s tiuctur e for camphene, however, was opposed by Wagner. 
The oxidation of camph^ with dilute permanganate gives cam- 
phene glycol, CnHi|{OH), [Wagner, 1890]. This glycol Is saturated, 
and so camphene is a blcy^c compound (so, of course, Is structure 
I). On further oxidation of camphene gljuol, Wagner (1896, 1897) 
obtained camphenic add, CioHu 04 (a dibasic add) , and camphenylic 
add, CjaHuOj (a hydroxy-monobasic add), which, on oxidation 
with lead (Soxide, gave campdienflone, (a ketone). Accord- 

ing to Wagner, it was difficult to expl^ the formation of these 
compounds if camphene had structure I. Wagner (1899) therefore 
suggested that camphene Is formed by a molecular rearrangement 
when the bomeols or bomyl chlorides are converted into camphene, 
and proposed structure 11 for camphene (see alv> 523d). 



c<T\ 


‘O-OH, 
l/CH, 


IjHf 
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With this fannula, the formation of camphenc glycol, campbotylic 
add and campheniloiie could be explained as follows : 

f«nphene campbftw campbenyiic camphenikma 

glycol add 

II III rv V 



carlxjcainpbQnllona camphenle 

add 

VI vn 

Althcra^ it was easy to explain the formation of Ht, IV and V, 
it was drf&cnlt to exphtn the fonnation of VH 'Ihe fonaaticm 
of vn wus explained by later worherst who soggested it was pro* 
dnced via caibocamphemlone, VL Another diScolty of the 
camphene fonnola, H, is that it does not explain the formation of 
apocamphoric add when ram phpnw is oxidised with nitric add (see 
aixjve). The course of ib fonnation has bcai suggested by Komppa 
(1908, 1011), who proposed a mechanism involving a Wagner 
rrarrangement. 

S tructur e n for camphene is sup ported 1^ the fact that treat- 
ment of bomyi iodide with cthanoHc potassium hydroxide at 170® 
gives bornylene, (m-p. 93®), as well as camphene (Wagner 

et aJ., 1890). Bonr^ene is readily oxidised by permanganate to 
camphoric ; it therefore foDows that bomyleno has the struc- 
ture I, the structure oiiginaDy assigned to camphene ; no re- 
anangcment occ urs in the fonnation of bon^ene. 



bomyi 

Iodide 
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Otonoli’sis of camphene gi\’es camphenilone and formaldehydo 
(Harries d cd., 1010) ; these products are in kcqjing with the 
Wagner formula for camphene. 



11 V 


Further support for this structure for camphene Is afforded by the 
work of Buchner d al, (1913). These wo A ers showed that cam- 
phene reacts with diaaoacetic ester, and when the product Is 
hydrolysed and then oxidised, ^■rfopropano-l:liJ-tricarboxylic 


+ OItN,-CO,C,H. 

n 

add, VIII, is produced. MU is to bo expected from structure 11, 
but not from 1 ; I (bomylene) would gi>'e ^■c/o p ro pa ne-l a ; 3 • 
tricarboxylic odd, IX. 



+CIINVCO,CilU ^ 


I 

(■) 


CO, II 



COjH 


rx 



upp (1014) has sjmtheslsed camplienic add (\ni), and showed 
that It has the stiucture assigned to it hy Wagner. Finally, 
camphene has been sj-nlherised as follows (Diels and Alder" 
lKhS-1031). 
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VrJlSd. Wagocr-Mccnrein rearraugementa. Wagner, as i« 
have seen, proposed a molecular rearrangement to ttqjiafa the 
formation of campbene from the boxneols and boriq?! chloride*. 
Wagner also recogniaed that a molecalar rearrangenjent occurred 
■wheai «-pinenc was converted Info borayl chloride, liaay other 
investigations concerning rearrangemcDts in the terpene were 
carried out by Meerwein and his co-wcpTken, when «-pin«e 
is treated in ethereal solutioa at —20** with hydrogen chlon^ the 
product is phene hydroetdoride. This is unstable, and if the tern- 
peiatnre is allowed to rise to about 10®, the phene hydrochloride 
rearranges to bomyl chloride (Meenveh et oL, 1022). Reanacge* 
roents such as these which ocenr with bicyclic monoterpenei are 
known as TVagner-if «rov»n rearrcmgtmMit, They are all believed 
to take place via the fonuation of a carbonitim ion, but -vdietber 
this ion is actually freo is still uncertain. The problem is also 
compUcaied by the steric course of the reartangement, %j., vid»«th<r * 
Walden invention occurs or not The foUowhg gives a aimplified 
version of the mechanism of a number of cases involving the 
Wagner-ilcenvein rearrangement ; and it should bo noted 
the raechaaism given is a special case of the Whitmore mechanism 
(see i2lL VI). 

({) The ccnversi&H of a-piwne into bomyl chloride. 



hydrochkirkte chloride 




It u-fll be seen that carbonlum ion I in exaraple (i) appears to be 
identical \sith carbonlum ion II in this cample, jTt the former 
gix’cs bomyl chloride, and the latter /mbomyl chloride. The reason 
for this Is uncertain. 


(iii) Dchydrxihalogenaiion of isobemyt eJiiorido to camphene. 



(iv) UyircUion of o.’Pinene to bomeol {vith acids). 



(v) Dehydralion of lomcol to campkene {with acids). 



Correlation of confljiurotlons of terpenes. This has 
hem made po<;rible !»>' the work of Fredga on quasi-raccmic com- 
pounds {<^ §Da. II). This author has established the foUom'ng 
configurations : 


aio 



i 

CII.OJI 


I lyrrTjt^JrhjnJr 


CO,H 
C1I,-C— H 

t 

)*tnribj-J- 
►ucfinic OCTtl 


CO^I 

(QMPI-C-II 

i 

CII,-CO,lI 

L(— )-iijjprop5l- 
fo^nic 
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By means of these configuratkos, crnnhfned \?ith varitms -iiiter.'-./’ 
relations obtained by oxidative d^^ndaticms and by molecolar'. 'i 
TearrangementST it has been possible to corr^te the coxtfignmtiims 
of many mono- and bicydic terpeaes with L-^yceraldd^de, e^,, 



(4-}<*n:cphor {'f)-hinaMne (-■)-auTooe 

terplneol I 



(f)-dtroceQai (4)-palegaad (-)>meathone 

. i tfltop»hyit»- 

I I caiToae .. 



j>(4>-£b3I»c5371* 

BQcdnlos^ 
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$24. Fenchanc and Its dcrivotlves. The most important 
naturaj terpene of this prtap is feoebono; this occurs in oH of 
fennel. It is a liquid, b.p. 102-103*, and is optically acti\T, both 
cnantiomorphs occurring naturally. 

The molecular formula of fcnchone is C,qHhO, and the com- 
pound bcha\‘cs as a ketone. WTicn fcnchone (J) is reduced with 
sodium and ethanol, fenchyl alcohol, Cj^HnO (II), is produced, and 
this, on dchj-dration under the influence of adds, gi\‘C3 a-fenchcnc, 
C^, Hu (III). On ozonolj’sis. a-fcnchenc is conv'crted into a-fen- 
chocamphorone, C|HuO (I\7, which, on oxidation with nitric add, 
forms apocamphoric add, V, a compound of known structure. 
This work was carried out by \Va]lai± ei al. (180O-1S0S), but it 
was Scmraler (1005) who ^ras the first to assign the correct structure 
to fcnchone ; the foregoing reactions may be formulated : 



It should be noted that the dcbj*dration of fcnchjd alcohol, II, to 
tt-fcnchcne, III, occurs ns a Wagncr-Mccnsein rearrangement; 
the mechanism for Uiw reaction may thus be written (cf. 523d) : 
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The atnictnreof fenchonehaa been confirmed synthesis (Rnilcia, 
1917). 





SESQUITERPENES 


525 . Introduction. The sesquiterpene*, in general, form the 
higher boHing fraction of the essential oils ; this prtrTides their 
chief source. WalUch (1887) was the first to suggest that the 
sesquiterpene structure is built up of three isopiene units ; this 
has been shown to be the case for the majority of the known 
terpenes, but there arc eome exceptions. 

The aesquiterpena are classified into four groups according to 
the number of rings present in the structure. If vre use the iscprtJU 
ruU, than when thi^ isoprene units are linked (head to tail) to 
form an acyclic sesquiterpeue hydrocarbon, the latter will contain 
four double bonds. Each isoprene unit contains faw double bonds, 
but one disappear* for each pair that is connected : 


I I L 

C}»0— CwO ObC— C>»C + C*0— 0 

L, 1 

3BaO--C--0«0-*0— 0-*C*==0~C— o 
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anhydride, produces a cyanide which, on Itydrolyris \vith aTVan 
forms famesenic add, C,|HmO^ and a ketone, Thh 

ketone was then found to be dihydro-^jtfttio-ionone (geranyl- 
acetone). In the formation of this k^one, two carbon atoms are 
removed from its precarsor. This reaction is characteristic of 
cc^-ansaturated carbonyl compounds, and so it is inferred that the 
precursor, famesenic ^d {or its nitrile), is an oc^unsaturated 
compound- Thus the foregoing facts may be formulated as foDows, 
on the basis of the known structure of geranyiacetone. 



farocool famecal 



famenoonitrOe famessafe arid . geraa/laeetoie 


Keradibaum’s fo rmu la has been confirmed by Harries ri of. (1913)i 
who obtained acetone, Isevulaldeltyde and giycolaldehyde on the 
oxonolysis of famesoL 



Oionolysis, however, gave some formaldehyde, thus indkanng 
the presence of the wprope ny i end-group as well as the iropropyli* 
dene end- gr o up (but cf. dtral, §6), RuxkJca (1023) lynthfisdscd 
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OHGAKIC CHEUISTKY 
MONOCYCLIC SESQUITERPENES 
§27. Blsabolene* CuHm, b.p. 133-134®/12 mm., ocean m the. 
oil of myrrh and in other essential ofls. The stmetmo of bb- 
abolcne was determined by Ruricka d aJ. (1926). Bisabokne adds 
on three molecnles of h^rogen chloride to form hisabolenc tii- 
hydrochloride, and this regenerates bisabolcne when heated with 
s^mn acetate in acetic add solution. Thoa bisabolcne contJans 
three double bonds and is therefore monocyclic (sec §26). Neiofi. 
dol may be defaydiated to a mixture of a- and ^famesenes {cf. {!8). 
This mixture, on treatment with formic add, forms a mono(^‘c& 
sesguitapene (or possibly a mixture) which combines with hydre^ 
chloride to form bisabolcne tribydrochloride. Removal of these tl^ 
molecules of hydit^en chloride (by means of sodium acetate in acetic 
acid) produces bisabolcne ; thus bisabolcne could be I, II or HI, 
since aH three would give the tajTis bisabolcne tribydrochloride. 



nerolWol o-larneaerve p*larr>»eoe 



biubolene tribydrochloride 



r ri nr 


o-bittbolene p-blaabokne <Y-blttboIenc 

Ruiicka ft at. (1929) showed that synthetic and natural hisabolenc 
consisted mainly of the y4somer (III), sinco on ozonolysis of bis* 
abolene, the products w?ere acetone hevulic acid and a srruiTl amount 
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ofsnccmicacid- Tlieseproductsarereadilyaccountedforbyni;aiid 
this structure has been confirmed synthesis (Ruricka d al., 1932). 

’-■ 537 ^. Zlnglberene, CuH^, b.p. I34®/14 mm. , occurs in the 
(— )-form in ginger oiL It forms a dihydrochloride with hydrogen 
chloride, and thus apparently coutains two double bonds. The 
molecular refractivity, however, indicates the presence of three 
double bonds and, if this be the case, ringibor^e is monocyclic 
{see §26). The presence of these three double bonds is conclusively 
shown by the fact that catalytic hydrogemation (platinum) converts 
ringiberene into hexahydrotingibexene, Cj,H,u. Zingibcrene can be 
reduced by means of sodium and ethanol to dihydrozingiberene, 
Ci,H^ ; this indicates that two of the double bonds are prob- 
ably conjugated (Semmler ei al,, 1Q13). Further evidence for tbiq 
conjugation is afforded by the fact that zingiberene shows optical 
exaltation, ■vrtiereas dihydrozingiberene does not. The absorption 
spectrum of zingiberene shows the presence of conju^ted 
double bonds (Gillam et al., 1940). 

Oxonolyais of zingiberene gives acetone, IfBvulic add and suc- 
cinic add (Ruzicka d al., 1&29). Since these products are also 
obtained from bisabolene (§27), it appears probable that zingiberene 
arid bisabolene have the same carbon skeleton. Oxidation of 
dihydrozingiberene, I, with permanganate gives a keto-dicarb- 
axylic add, Qt^toOi (11), whldi, on oxidation with sodium hypo- 
bromite, forms a tricarboxylic add, CuHuO, (LU). Thus 11 must 
contain a methyl ketone group (CH,*CO — ), and so, if I be assumed 
as the structure of dihydrozingiberene, the foregoing oxidation 
reactions may be formulated : 



Thus I, with another double bond in conjugation with one already 
present, will be (probably) the structure of zingiberene. The posi- 
tion of this third double bond was shown as foIlowB (Eschenmoser 
d al., 1960). Zingiberene forms an aihluct with methyl acetylene- 
dicarboxylate, and this adduct (which was not isolated), on pyrolysis, 
gives 2*-dfanethylocta-2:7-dicno and methyl 4-methylphthalate! 
These reactions can be explained on the assumption that ringl- 
bercne has the structure shown bekrw. 
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BIcyCLIC SBSOtnTERPENES 

|28. Cadlnese, CuH^, b.p. mm., occars in the 

(— )-{orm in oil of cubebs, etc. Catalytic hydrogeaatlon convert* 
cadinene into tetrahydrocadiDeoe, CxiHq. Thus cadinena contain* 
tvm double bonds and iiHcydk. On dehydrogenation with snlphnr, 
cadinene forms cadaiese, CicHif (RnrfrJa ti oL, 1021). C a< ^hw 
does not add on bromine, and forms a picaate. This led to the 
belief that cadalene was an axomatio compound, and its structme 
was deduced as foUowa. Kudcka assumed that the relatioiuh^ o! 
farnesol ($26a) to cadinene was analogous to that of geianiol {|7) 
to dipentene (J13). FurthcnDore, shjce dipentene gives ^Kymate 
when drfiydrogenated with sulpbor, then cadalcne should be, if the 
analogy is correct, I:d-diraeti^I-4-*«prc^ylnapbthaIene ; tboi ; 


H 


dipentene ^cymoTie 





Ummol eadinane cudalene 

akefeton 
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l*-Diiaethyl4-iiopropylnaphthalene was synlliesised by Rnricka 
rf ai. (1922). and was found to bo identical with cadalene. 




Thtia cadinene has the carbon skdeton assumed- The only remain- 
ing problem is to ascertain the positions of the two double bonds in 
cadinene. Since the molecular rcfractivity shows no optical exal- 
tation, the two double bonds are not conjugated (§11. I) ; ih?ii Is 
supported by the fact that cadinene is not reduced by sodium and 
amyl akohoL Ozonolysis of cadinene produces a co m po u nd con- 
taining the tarm number of carbon atoms as cadinene. The two 
double bonds are therefore In ring systems, but they cannot be In 
the tame ring, since in this case carbon would ha\T been lost on 
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otzonolysis. Roxicka ei oL (IftM) Tvere thus l^d to suggest I (a tf/ 
^ for the structure of cadiaone, basing it on the rehtiooship d 
cadinecfi to copaene, which had been given strcctore 11 by Semmler 
(1914). I was proposed mainly on the fact that copacne adds two 



molecules of hydrogen ddoride to form copaene dihydrochlaridc, 
which is identical with cadinene dihydrochloride (both the a. and 
^ structure* of I would give the same dihydrochloride as II). Strac* 
tore I (a or ^ was accepted for cadinene until 1942, when Campbell 
and Sofier re~mv«tigatcd the problem. These author* converted 
cadinene into it* monoxide and dioxide by means of peibenxolc add, 
treated these oxide* with excess of methylmagnesnnn chloride, tnd 
then dehydrogenated the product with selenium. By this meaM, 
Campbell and SoScr obtamed a monomethyicadalene from cadinene 
monoxidfi, and a dfmetbylcadaleno from cadinene dioxide. I^crcf 
the introduction of a methyl group via the oxide takes phe* 
according to the following scheme: 


H-c=i-o 


I 

H-C^C-C 


CH, HtO 


CO CO 

c-C C=c-0 

CHain CHj 

Thus the pcaritknia of the additional methyl groups show the posi- 
tions of the double bonds in radmenyi, The Ruxicka formula for 
cadinene would give dimethylcadalene in (from the a isomer) or 
IV (from the and the monomethjdcadalenes would be V (If®® 
a or VI (from a) and VH (from Campbell and Soffer oxidised 
their dimethylcadalene, first with chromic acid and then with nitric 
add, and therein obtained pyromdlitic add (beneene-l^’^ 
tetracarboxylic add), VUI. The fotiaation of VUI therefore rules 
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VI VII 


out ni aa the structure of dimethylcadaleaie, but IV, with the two 
methyl groups at posrtioas 6 and 7 in ring B, could give VIII. 
Therefore the double bond in cadinene in ring B is 0:7. From this 
it follows that VI is also eliminated. If the double bond in ring A 
is as in structure I, then dimethylcadalene is FV, and mono- 
meth^cadalene is V or Vn. Campbell and Soffer synthesised IV 
and vn, and found that each was dlSerent from the methyl- 
cadaknes they had obtained from cadincne. Thus IV and VII 
are incorrect ; consequently the double bond in ring A cannot bo 
3:4. The only other dimethylcadalene which could give VTII 
on oxidation is DC This was synthesised, and was foimd to be 
identical with the dimethylcadalene from cadinene, Cadinene 
mu st therefore be X, and the introduction of one or two methyl 
groups may thus be formulated as follows : 
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X conld give two monoxides (oxidation of ring A or B), and one of 
these (ring B oxidised) wonld ^ve VIL This, as pointed out ahove, 
was difiercnt from the monomethjdcadalene actually obtained. 
Therefore, if X is the structure of cadinene, the monomethylcadalene 
obtained from cadinene must be XL XI was synthesised, and was 
found to be identical with the com po un d obtahied from cadinene. 
Thus X is the stiudur e of cadinene. 

It should be noted, in passing, that this new structure for cadinene 
has necessitated revision of the structure of copaene. Brig^ and 
Taylor (1947), using a technique smnTar to thflt of Campbell and 
Soffer, ^vc assigned the foUowing str o dure to copaene. 


copaene 

pSa- Sellnenca, CnH^. SelmcDe occurs in celeiy oil; when 
treated with hydrogen dbloride, it forms a dihydrodjlaride winch, 
when wanned with aniline, is converted into the cmupciund 
This is ts om a i c with selinene, and the natural compotoid 
was called ^-selinene. and the tyntbetic isomer a-schnenB (Semmler 
d al., 1912). Semmler showed that the catalj^ hydrogenation of 
the two selinenes gives the same tetrahydrcsdhiaie, Cj|H^ Thip 
they each contain two double bonds, and are tncydic. Ozonolysis 
of ^-sdinene produces a diketone (I) with the loss of two carbon 
atoms, and oxidatiou of I with sodium hypobromitc gives a 
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tricarboxylic add (U), witb the loss of one carbon atom. From 
this it follows that I contains a CHg*CO — group, Ozonolysis of 
a-selineno gives a dihetcKnonocarboxyiic add (III) with loss of one 
carbon atom, and HI. on oxidation with sodium hypobromito, 
loses rivo carbon atoms to form II. Thus HI contains ivo 
CHj’CO — groxips (Scmmler et al., 1012). Ruzdeka ei aL (1022) 
distilled ^-sclinene with sulphur, and thereby obtained endaleno 
(see 5^b for the evidence for the structure of this compound). 
If we nae the isoprene mlc, all the fore^ring facts are explained by 
giving the sclinenes the following structures (Ruxicka et al., 1022). 
The relationship of the sdinencs to endesmol (52Sb) confirms the 
nature of the carbon skeleton given to the selinenes. 

pSb. Endeamol, CuHnO, occurs in cucalyptns olL Catalytic 
hydrogenation converts eudesmol into dihydroeadesmol, Cj,H„0. 
Thus one double bond is present in the molecule, and sfaice endesmol 
behaves as a tertiary alcohol, the parent hydrocarbon is 

endesmol is therefore bicyclic. When dehydrogenated with sulphur, 
endesmol forms endalene. and methanethlol (Rniicka 

ei el, 1023). Endalene behaved os an aromatic compound {«/. 
cadaleoe, §^), and its stmetore was deduced as follows. Since 
endalme was a naphthalene deiTvative, and since it contained one 
carbon atom less than cadalene, it was thought to be an apo- 
cadaleoe, ij,, cadalene minus one methyl g roup. Thus endalene 
is either l-methyl-4-«opropylnaphthalenc (Ha) or 7-methyl-l- 
wopropylnaphthatoe (li). To test this hypothesis, Ruxicka 
oxidised cadalene with chronuc add, and thereby obtained a 
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naphthoic arid, which most be I or 11. Distillatioii of 

this add with soda-linie gives a rocthyli^ropyhiaphthsilcne which 
nrast be la or Ufl. Ila was synthesised fr^ carvone (the synthesii 
is the same as for cadalene except that ethyl malonate is nsed 
instead of ethyl methylmalonate ; see §28). The synthetic com- 
pound (Ilfl) was found to be different from the hydrocarbon 
obtained by the distillatioii of the naphthoic arid from cadalene. 
Thus the apocadaicnc obtained must be la, ijs., 7-methyUl- 
fropropytoaphthalene. 

Ruxicka now foimd that eodalene was not identical with either 
la or no. On oxidation, however, eodalene gives the same 
mgahtbaienedkarboiylic add as that which fa obtained by the 
oxidation of lo. This fa onty possible if in eodalene the two ride- 
chains in la are interchanged, eodalene is l-methyi-7-«opropyl- 
naphthalenc; thus: 



This structure for eudalene was proved by synthesis (Rnrirka el of. 
1922). 

vJ^^BrCH,OCV;.H,+Zn-^^ 

comlml 
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To develop the sesqtiiterpene carbon skeleton from that of 
endalene, it is necessary to iotrodace one carbon atom in such a 
position that it is eliminated as methanethiol daring the sulphur 
dehydrogenation (sec above). If we use the itoprem nde with the 
inrits joined head to tafl, then there is only one possible structure 
that fits the requirements, oir., Ill (c/. §1). 



Now ^-sclmene combines \?ith hydrogen chloride to form selinene 
dihydxochloride, which is also obtained by the action of hydrogen 
chloride on eudesmol (Ruzicka ti al., 1927, 1031). Since eudesmol 
contains one double brad and a tertiary alcoholic group, it follows 
that the doiable bond must be in the side-chain, and the hydroxyl 
group in the ring, or vies vms, i^., IV, V or VI is the structure of 
eudatrooL 



Hydrogenation of eudesmol forms dihydrocudesmol, VII, and this, 
on treatment with hydrogen chloride followed by boiling with 
anilme (to remove a molecule of hydrogen chloride), gives dfliydro- 
eudesraene, VIII. VIII, on oionolysis, forms 3-acetjd-a:9-dimethyl- 
decalin, IX, iri0% Vis eliminalion of ons carbon aioot. These results 
are explained if IV or V is the structure of eudesmol, but not by VI. 
Thus the hydroxyl group is in the tiopropyl side-chain. 
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naphthoic add, which must be I or n. Distillation o{ 

this add with joda-ii^ gives a mcthyluopropyinaphthakDc which 
mustbclttorllji. Ua was synthesised ir^ canrone (tlie synthesh 
is the same as tor cadakne except that ethyl malonate is nsed 
instead of ethyl methylmalonnte ; see JSS), The synthetic com- 
pcmnd (Ila) was fonnd to be different from the hydrocarboa 
obtained by the distillation of the naphthoic add from cadalette. 
Hins the apocadalene obtained mast be la, i^, 7-mcthyi-l- 
uopropyinaphthaleoe. 

Rnrkha now fonnd that eodalene was not identical with either 
la or no. On oxidation, however, eiidalene gives the same 
naphthalenedicaiboxylic add as that which is obtained by the 
oddatkm of Is. This la only possible if in eodalene the two side- 
chains in Itf are interchanged, eodalene is l-fflethyl-7-i*tpropyl- 
naphthalene ; thus : 

euddene 


This structure for eudalene was proved synthesis (Rnncbt 
1922). 
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To develop the sesquiterpene carbon skeleton from that of 
eudalene, it is necessary to ^trodaco one carbon atom in such a 
position that it is elimina ted as methanethiol during the sulphur 
dehydrogenation (see above). If wo use the itopren* nde with the 
unite joined head to tail, then there is only one possible structure 
that fits the requirements, vix., EH {c/. §1). 



No\v ^^-sclinene combines with hydrogen chloride to form selinene 
dibjdirochloride, which is also obtained by the action of hydrogen 
chloride on cudesmol (Rusicka ei al., 1027, 1931). Since eudesmol 
contains one double bond and a tertiary alcoholic group, it foUo^rs 
that the double bond must be in the side-chain, and the hydroxyl 
group in the ring, or viu 9fr%a, ij., IV, V or VI is the structure of 
eudesmoL 



IV V VI 


Hydrogenation of eudesmol forms dihydroeudesmol, VII, and this, 
on treatment with hydrogen chloride followed by boiling with 
an Drn e (to remove a molecule of hydrogen chloride), gives dihydro- 
eudesmene, VUL Vm, on oronolysis, forms 3-acet^:9-dimethyl- 
decalin, IX, tsrrt Oia diminaHon of one carbon atom. These results 
are explained if EV or V is the structure of eudesmol, but not by VI. 
Thus the hydroxyl group is in the Mopropyl side-chain. 
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Tbc final problem is to ascertain the position of the donble bond in 
cndesmol, ix.. Is the stmetnre IV or V ? Owmotysis of eudesmol 
showed that cndesmol is a nrixtiire of IV (a-eudesmol) and V (/?- 
eudesmol), since two prodnets are obtained : a hydnncjdceto-add 
X, with no loss of carbon, and a hydroxyketone XI, with the loss 
of one carbon atom (but cf. dtral, JS). 



fteodesmol 


The propor ti ons of these two Isomers vary with the source, and 
McQnniin d eJ. (1056) have succeeded in separating them {via their 
3:6-dinitrobenroates), and at the same time have characterised a 
third, synthetic y-isomcr. 



7 -eadeamol 

529 . Azulenes. Many essentia] oils contain blue or violet coni' 
pounds, or may form such compounds after distillation at atmo- 



TERPEjma 


S69 


530] 

spheric pressure or dehydrogenation with sulphur, selenhuD, or 
palladhiiii-charcoal (Ruiicka gt al., 1023). These coloured com- 
pounds may be extracted by KbflHng an ethereal solution of the 
essential oil with phosphoric add (Shemdal, 1916). These coloured 
substances are Imown as azoleneo. Their molecular formula is 
CijHit, and they are sesquiterpenes, the parent substance being 
arolene, which contains a sewn-mcinbered ring fused to a 

fivo-memberrd one. Azulene has been synthesised as foDows 
(Plattner et ed,, 1936). 



axolene 


Arukne is a deep blue solid, m.p. 99* ; its systematic name Is 
bicydo[6:3.-0}decane. Two sesquiterpenes containing this blcydo- 
decane skeleton are 
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|30. Phytol, b.p. 146*/0*03 mm., is an acj'cUc diter- 

pene ; it is produced from the hydrolysis of chlorophyll (§0. XIX), 
and it also forms part of the molecules of vitamins E and K (see 
Ch. XVn). The reactions of phytol showed that it is a primary 
alcohol (WiUstfttter et al., 1907), and since on catal}^ reduction 
phytol forms dihydrophjdol, C^ 4 , 0 , it therefore follows that 
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[diytol contama one double bond- Thus the parent hydrocarboo 
is C*H 4 , so phytol ia tcjiiic. OsonolyiU of 

phytol give* glycoUIdehydc and a saturated ketone, Ci,H„0 (F. 
Fischer 4t «/., 1928). 'Ilius this reaction may be ^vritten : 

■CuHa-CH'CH.OH OuH,.0 + OHO-CH,OH 

The formula of phytol led to the suggestion that ft was composed of 
four reduced Isoprene units. If this were so, and assuming that 
the units are joined head to tall, the structure of the saturated 
ketone would be : 

CH. . 

CH{^ 

This structure was proved to be correct by the synthesis of the 
keloire from famesol (F. Fischer d al., 1928). The catalytic 
hydrogenation of famesol, I, produces hexahydrofamesol, II, which, 


CHj ^ OH, ^ 


OT, <^, yH, 

0«CH’OH,OK,- C“CH’OH,OH 


PH, OH, yH. 

H 1 

IM., 

CH, OH, yn, 

CH,<3H<CHA (!lH-(CI«, OH CH,-CH,Br 

yH, yH, OH, ^CO’CH, 

CH,eH-(aH,),OH(CH 0 ,-OH- CH,-C 3 i,-OH 

u ^CO,C,H, 


ICH, COCim.-CCW-Hi 


yH, yH. yH, 

IV 
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on treatment with phosphorus tribromide, gives hexahydro- 
farnesyl bromide, III. Ill, on treatment with sodio-acetoacetic 
ester, followed by ketonic hydrolysis, forms the saturated ketone, IV. 
TJiis ketone uaa then converted into phytol as follows (F. 
Fischer d al., lOM) ; it should be noted that the last step involves 
an ollylic rearrangement (c/. linalool, |8). 


(JH, aij OTj CH, 

CHj • cii-(cir,}j‘ inicHdi-ciktoHih- 1-0 


rv |(ON«.Nm 

iHancH 


CTf, 


Clfj 


CH, 


CH,- in-fCHO, • OH-fCH,),- CM-(CHdj- 9 ■ C*CH 


CH 


CH, 


CH, 


CH, 

,CH(C 




CH,- (13 1-(a {,) , • QltCHd,- CH-(OH,),- C -OH* CII, 
OH 




CH, CH, CH, CH, 

CHj-dlH-fCH,), -CHtCHdj 
phytol 


It appears that natural phj-tol has a very small optical rotatior ; 
Karrer d al. (1W3) have isolated a (+)-forro from nettles. 

f31. Abletlc add, CjbHjoO,, m.p. 170-174®, is a tricyclic diter- 
pene. The non-steam vola^e residue from turpentine is known as 
rosin (or colophonj^, and consists of a mixture of resin adds which 
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are derived from the diterpenes. Abictic add is one of tbe most 
useful of these adds, 

A great amount of work woa done 'before the strocture of abietk 
add was eluddatetL For our purpose it is useful to have the 
structure of abietic add as a reference, and then describe tie 
evidence that led to this structure. I is the structure of abietic 
add ; the system of numbering is shown, and also the four Isoprene 
units comprising it 





rvtene 
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The general reactions of abietlc add showed that it was a mono- 
caxboxylic add. On dehydrc^enation with sulphur, abietic add 
gives retene (Vesterbcrg, 1903) ; better yields of retene are obtained 
by dehydrogenating with selenhun (Diels ei al., 1927), or with 
pahadised charcoal (Euricka ft al., 1933). Retene, m.p. 90“, 

was shown by oridative d^radation to be l-methjd-7-tKipropyl- 
phenanthrene (Bucher, 1910), and this structure was later con- 
firrued by synthesis, e.g., that of Haworth d al, (1932) (p. 372]. 

Hence \re may assume that this carbon skeleton is present hi 
abietic add. Thus : 


C 



Now it is known that in sulphur ddiydrogenations, carboxyl groups 
and angular methyl groups can be eliminated (see $2 vii. X). It 
is therefore possble that the two carbon atoms lost may have been 
origroally the carbox>i group ^ abietic add) and an nng nlnr 
methyl group. 

Abietic add is very difficult to estcrify, and since this is character- 
istic of a carboxyl group attached to a tcrtiaiy carbon atom, it 
suggests that abietic add contains a carboxyl group in this state. 
This is supported by the fact that abietic add evolves carbon 
monoxide when warmed with concentrated sulphuric add ; thf< 
reaction is also characteristic of a carboxyl gro up attached to a 
tertiary carbon atom. 

Catalytic hydrogenation of abietk add gives tetrahydroabietic 
add, Thus abietic add contains two double bonds ; 

also, since the parent hydrocarbon is (regarding the carboxyl 

group as a substituent group), abietic add is tricyclic (parent 
correspo n ds to C,^t^ 4 ), whidi agrees with the evidence already 
givem 

Oxidation of abietic add with potassium pennanganate gives a 
mixture of products, among which are two tricarbaxyiic acids, 
CiiHuO, (II), and (IH) [Ruzicta d al., 1926, 1931). 

II, on dehydrogenation with ^eahnn, forms m-xylene, and lU 
forms henrimeDitcne {15:3-trimethylbeniene) [Ruricka d al., 1031]. 
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In both cases there is a loss of three carbon atoms, and if wc asaomfi 
that these ^vcre the three carboxyl groups, then two metl^ groups 
in n and III must be in the »n</a-poiiticnL Furthennore, 

II and HI each contain the methyl group originally pre se nt in 
abietic acid (position 1), adds II and HI must contain ring A of 
abictic add. This Buggests. therefore, that there is an 
methyl group at position 12, since it can be expected to be dhdn- 
ated from this position in sulphur dehydrogenations of ehietic add 
(this IS^ethyi group is in£ia to the 1-methyl group). Vocke (1033) 
^owed that add H evolves two molecules of carbon monoxide 
when warmed with concentrated sulphuric add; this indicates 
that H co ntains two carbo^ groups attached to tertiary carbon 
atoms. These results can be explained by oowmng that one 
carboxyl gro u p in H is that in abietic add, and since in both cases 
this carboxyl gr o up Is attadied to a tertiary carbon atom, the most 
likdy position of this group is 1 (In abietic add). Acce pti ng these 
assumptions, the oxidation of abietic add may be formulated as 
follows, also aguming IV as the carbon skeleton of aHetic add. 



Vocke subjected H to oxidative degradation, and obtained a di- 
carboxylic add (V) which, on fxudher oxidation, gave ot-methyi- 
^utaric add (VI). Vocke assumed th«t H had the structure 
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shoTvn, and formulated the rcactiona as above, assuming structure 
V as the best way of explaining the results. 

Structure V (assumed ty Vocke) has been confirmed by synthe si s 
(Rydon, 1937). 

The position of the carboxyl group at position 1 in abietic add 
(assumed above) has been confirmed by Ruzicka et ai. (1022). 
Uethyi abietate, on reduction with sodium and 

ethanol, forms abietmoh Cj,Ha*CHgOH, which, on treatment with 
phosphorus pentachloride, loses a molecule of water to form 
'* methylabietin ”, This, on distillation with sulphur, 

forms bomoretene, Homoretene contains one CH, group 

more th^Ti retene, and on oxidation with alkaline potassium ferri- 
cyanide, gives jiienanthrcne-l:7-dicarboxylic add, the identical 
product obtained from the oxidation of retene under similnr con- 
ditions (Rudcka ei al., 1932). These results can only be explained 
by assuming that homoretene has an ethyl group at position 1 
(instead of the methyi group in retene), O., homoretene is 1-etbyl- 
T-wopropjdphenanthrae, This has been confirmed by synthais 
(Hawor^ a al., 1932 ; ethyimagnesium iodide was used instead 
of metbylmagnesium iodide in the synthesis of retene). The 
formation of an ethyl group in bomoretene can be expiated by 
assuming that ebletinol undergoes a Wagner-Meerwein rearrange- 
meat on dehydration (see §23d). Thus : 



methyl abJetale aWetinol •inethyIabJ©Un“ 



homoretene 


It has already been pointed out that abietic add has two double 
bonds. Since abietic add forms an adduct with rnnlflr anhydride 
ai above lOO*, it was assumed that the two double bonds are conju- 
gated (Ruzicka ct al., 1932). It was later ahown, however, that 
levoplmaric add also forms the same adduct ai room Umperaiure. 
It thus appear* that abietic add isomerises to levopimaric ariH at 
above 100*, and Ikm forms the adduct. Thus this reaction cannot 
be accepted as evidence for conjugation in abietic add, Nevertho- 
less, the conjugation of the do^le bonds in abietic a dd has been 
*hown by means of the ultra^let spe ctru m, which has not only 
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ihoira tlic coniffgation, Irat also indkates that IIk two doaMfi iK&ij 
tre w( in the lamc ring (Kraft, 1935 ; SaodcmanD, 1911). 

Oxidation of alrtetic Mdd intt potassfnm p e mungaia te 
amaag other prodncls, ^obn^ric add (RnrfrVa a al„ 1925)> THj 
suggests that one doable bond is in ring Ctnd the 6^- or7Ap055tiox 
If the doable bond is in the CrT^Jositioa, ih rm the other dcaiple 
bond, winch is confagtied vrith it, mast also be in the taxt ring 
^J3 OT 6:14): if 7£, then the other doable bond coaU be in tie 




same fir^C, but it coaid also be in ring B. Since, as we hasa seen, 
the two doable bonds are in different rinp, thdr positions are 
prUaliy 7£ and Farther evidence for these positions is 
afforded hy the fact that in the ccddalkm of ahietic acid to give 
adds n tod rn (so® above), in trhUk ring A is iniaci,tiags'Bt^C 
arc opened, and this can be readify eg)lained onfy if ring* B and C 
each hare a doable bond. Oxidativt stadies on abictic add hy 
RnrirVa tt ai. (19^1941) have conchisivdyctajfinnfid the positions 
7£ and 14:9. 

The only other point that win be mentioned here is the convcom 

of abigtic add into le vo p dmari c a d d. Since the latter was 
bdieved to be the enantiomorpfe of (+)-pfanaric add, it w J caCsd 
(— )‘pimaric acid or Lev ophnari c acM. It is now fajoTO to be a 
strwiwvl isomer of de ilrcyim aric add, and so H has been seggested 
that levopimaric add be aapirfic add to avoid any cm- 
focon. Tfce following equations show the fonnation of the adduct 
of abietic add with coal^ anhydride. 



abktie aeid 


acid 

(krophoatie add) 


addact 
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TRITERPENES 

§33. Squfllene, C^Hio, b.p. 240-242V4 mm., has been isolated 
from the liver oils of sharks, Catatytic hy dr oge n ation (nickel) 
converts sqnalene into perfiydroeq^ene, CjqH,,; therefore 
squalene has six double boneb, and is acyclic. Osonolysis of 
sqnalene gives, among other patidneta, lavnlic add ; this suggests 
that the following group is present in squalene : 

CH, 

-CHCH,CH,C- 

Since squalene cannot be reduced by sodhnn and amyl alcohol, 
there are no conjugated double bonds present in the molecule. 
Perhydrosqualene was found to be Identical with the product 
obtafaied subjecting hexahydrofamesyi bromide to the Wurtx 
reaction. This Iri Karrer at al. (1931) to synthesise squalene itself 
from famesyl bromide by a Wurtx reaction. 

CH, CH, 

2(OHO,OCH<IH,-CH,-C-CH'CH,<W,-{!:-OH'CH,Br + Mg 

CH. CH. m. 

HJ.C<H-(CIW,-<l:-CH-pH.),-i-CH'(CHA-CH-C-(CH.).-CH-C-(CHJ,CH-C(aHi 

MgBr, 

It sbonld be noted that the centre portion of the squalene molecule 
has the two isoprene units joined tail to tail (c/, the carotenoids, 

Ch. DC). Squalene forms a thiourea Induslon complex, and hence 
it has been inferred that it is the stereois^er (Schiessler 

d ei.. 1052). 

§32a. Biosynthesis of terpenes. As more and more natural 
products were synthesised in the laboratory, so grew the Interest 
in how these compounds are synthesised In the living organism 
(both anhnnl and plant). The general approach to biosynthesis 
has been to break up the structure into units from which the com- 
pound could plausibly be derived. These units must, however, bo 
known, or can be expected, to be available in the organism. 
Furtbermure, this docs not mean that the units chosen must neces- 
sarily be involved in the building-up of the compound. The general 
principle is that although a particular unit may Itself be involved, 
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it is also possible that its ** eqoh’alent may act as a substitute, 
any compotmd that can r^dfly give rise to this unit (bj' 
of \’ariotis reactions such as redaction, oxidation, etc.) may be the 
actnaicompoxmd involved in the biosynthesis. the eqoivaleDt 
of fonnaldehyde conld be formic add, and that of acetone icelo- 
acetxc add. One other point about the choice of units or thdr 
equivalents is to attempt to find some relationships between the 
various groups of natural products so that the units chosen ore 
common pre cni sors. 

^^^len the units ha\’e been chosen, the next problem is to coatider 
the types of reactions whereby the natural products are syntiMased 
in the organism. The general principle is to use reactions whkh 
ha^*e been developed in the laboratory. The difficulty here is that 
some types of laboratory reactions require conditions that cannot 
operate in the organism, e.g., carboxylation and decarboiylatifln 
are known biological processes, but when carried out in the labora- 
tory, these reactions normally require derated temperat u res. De- 
amination is also a known biolc^cal pnxxss, but in the laboiatoty 
thii reaction is usually carried out under conditions (of pH) which 
would be lethal to the living organism. These diffcreiicea betweeu 
laboratory syntheses and biosyntheses are due to the aetkm of 
enzymes in the latter, Aamrding to SchCpf (1932), syntheses in 
plants may take place through the agency of specific or non-spe^ 
enzymes (see §515^1’^' XIH), or watlmut enzymes at alL Chenneal 
syntheses (these do not inv^vc the use of enzymes) must therefore, 
from the point of biosynthetic studies, be carried out under comfr 
tiocQS of pH and temperatures TOmparable with those operating in 
plants. Chemical sj-ntheses performed in this way (with the St- 
able umts) are said to be carried out under phyti^opad comf^'on* 
(which InvobTC a pH of about 7 in aqueous media and ordiraiy 
temperatures). 

Reactions which are commonly postulated in biosynthesis are 
oxidation, hy dn ^ e nation, dehjrdrogenation, dehydration, estcrifici- 
tion, hydrolyas, carboiylation. decarboxylation, aminatioaj, de- 
aminatian, isomerisation, condensation, and polymerisation- It 
might be noted here that the choice of units and type of reaction 
are usually dependent on each other. Furthermore, other reactions 
whidi are known to occur in biolc^ical syntheses are 0- and If' 
methylation or acylaticm. Tbe« may be described as extra-xkelti^ 
pfxKoses, and can occur at any suitable stage in the postulated 
biosynthesis. Another cxtra-skdetal process is C-methylation, but 
this is much rarer than those mentioned above. 

Kow let us apply these prin c ip les to the biosynthesis of tcri>encs- 
As we have seen, according to the special isoprene rule, terpen® 
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are buflt up of isoprenc units joined head to tall (§1). Assuming 
then that the isoprene unit is the basic unit, the problem Is : How 
is it formed, and how do these units join to form the \'arious tj^pes 
of tcrpencs? At present it is bcUcN'cd that the fundamental units 
used in the cell in syntheses ore water, carbon dioxide, formic add 
{as " active formate "), and acetic add (os " active acetate 
These ‘‘active*’ compounds are aejd deri\’ati\xs of coenrj*me A 
(written as CoA — H in the following equation) ; e.g., acetoacctic 
add is bclie^■cd to be formed as follows : 


2CH,-COCoA. + H,0 CH,*COCH,-CO,H + £CoA— H 

Now the biosynthesis of cholesterol (§7a. XI) from acetic add 
labelled with in the methyl group (C^ and in the carboxyl 
group (C,) has led to tlie suggestion that the carbon atoms in the 
isoprene unit ore distributed as follows : 



This distribution Is in agreement with the following scheme in 
which scnedoic add (3-methyIbut-2-cnoic add) is formed first. 


CH,*CO,H + CH,<:0,1I->CH,<0-ai,-C0,H 
CO, II 

iir, on cn, oh 

ai,^ 


CH. 

-BJO 

CH,^ 


;C=CH-CO,H 


Support for the formation of thb carbon skeleton is gi\*cn by the 
fact that bbclJed iwNulcric add gives rise to cholesterol in which 
the iKipropj-l group and the carboxyl group have been incorporated. 


“CII, 

^ai-CH,->KXI,H 

“CH,^ 


Senedoic add o ccu rs naturally (jm certain spedes of Sntecio), 
and condensations between two or more molecules can now occur 
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as with acetic add to produce ac^dk terpenc ikdetons (the feasDjflity 
of these corMiensations is in ao^rd with the ptindple of vinology ; 
see VoL I). By then postulating various pro c e sses at sdtthfc 
stages (the order of which is not certain), various aqrdic terpenes 
are produced, #.g., 


CH, CH, CH, 

SCH,-i>=CH-CO,H -V ch,4=»ch-co-ch,-(L=ch-co^ 
CH, CH, 

■ ”^*^ > CH,-i==CH-CH,CH,-l>!CT-CH,OH 
gcranlol 

CH, CH, 

CH,*ii==iCH'CH,*CH,*l;'CH==CH, 

in 


► CHj 




CH, 

•CH,-CH,C<3T=CH, 

xnyrcene 


Cydisatloti ot suitable Intetniedlates wtiuld produce loonocj^ 
terpenes, a.g., gcraniol would give a*terpineol {see 57). 

The condensations discussed so far le^ to bead to till upkcs 
of the isoprene units. As we have seen, some unions (in the centre 
of the molecule) are tall to tail, e,g., squalene is composed of two 
famesyl chains joined end to end (§33). It has bem suggested 
that such tail to tail unions are producjsd by the acyldn tj^ of 
condensation (R is some radical composed of isoprene units joined 
head to tail) : 


CH, CH, 

R-CH,-i=CH-CO,H + HO^-CH=icH,-R >- 

CH, CH, 

R-CH,-i=«I-CCM2IOH-CH=(!-CH,-R --*■ 

CH, CH, 

K-CH,<L=CH-CH=CH-CH=*i-CH,'B 
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POLYTERPENES 

§33. Rubber. is obtained from latex, which 

is an cnralsion of rubber particles in water that is obtained from the 
inner berk of many types of trees which grow in the tropics and 
sub-tropics. When the bark of the rubber tree is cut, latex slowly 
exudes from the cut Addition of acetic add coagulates the rubber, 
which is then separated from the liquor and either pressed into 
blocks or rolled into sheets, and finally dried in a cur r en t of warm 
air, or smoked. 

Crude latex rubber contains, in addition to the actual rubber 
hydrocarbons (90-96 per cent), proteins, sugars, fatty adds and 
resins, the amounts of these rabstances depending on the source. 
Crude rubber is soft and sticky, becoming more so as the temperature 
rises. It has a low tensile strength and its elasddty is exhibited 
only over a narrow range of temperature. Crude rubber dissolves 
in many oiganlc solvents, t.g., benscne, ether, light petrol ; it also 
swcHs when It comes into contact with these solvents. On the 
other hand, rubber Is insoluble in acetone, methanol, et& When 
unstretched, rubber Is amorphous ; stretching or prolonged cooling 
causes mbt:^ to cxystalliBe. 

Structure of rubber. The destructive distillation of rubber 
gives Isoprene os one of the main products ; this led to the sugges- 
tion that rubber is a polymer of isoprcne, and therefore to the mole- 
cular fonnula (C,H,)„. This molecular formula has been confinned 
by the analysis of pure rubber. Crude rubber may be purified by 
fractional precipitation from benicne solution by the axidition of 
acetone. This fractional predpftation, however, produces mde- 
cules of different sires, as shown by the determination of the mole- 
cular weights of the various fractions by osmotic pressure, viscosity 
and ultracentrifage measurements ; molecular wdghts of the order 
of 300,000 have been obtained- 

The halogens anft the halx^en adds readily add on to rubber, 
e.g., bromine gives an addition product of for mu la {C,H,Br,)., and 
hydrogen chloride the addition product (C,H,CI),. Pure rubber 
has been hydrogenated to the fully saturate hydrocarbon (C,Hn), 
— this is Imown as hydrorvbbtr — by heating with hydrogen in the 
presence of platinum as catalyst (Pummerer et al., 1922), Rubber 
also forms an ozonlde of for m ula (C,H,Oj),. All these addition 
reactions cleaity indicate that rubber is on unsaturated co m po un d, 
and the formulae of the addition products show that there is one 
double bond for each isoprene unit present. 

Oionolyiis of rubber produces laevulaldehyde and its peroxide. 



382 


oRCAKic CHEiiisrar 


[OL vm 

l®vullc add and small amotmts of carbon dioxide, formic add tod 
sncdnic add (Harries, 1905-1012). Pommerer (1031) showed that 
the hcvulfc derivatives comprised about 90 per cent of the prodoed 
formed by the otonolyjis. This observation led to the nggestkm 
that rubber is composed of boprece units Joined head to tail 
Thus, if rubber has the foUowing structure, the formation of the 
products of oxonotysis can be explained : 


(jIH, OTj (pi, 

— CH,•0«C3H<IH^<IH|-C=CH•CH,<3H,-C*CH■CHr- 

|Mn■clt,•u 

CH, '(p, p, 

-OHi-ioO+ OOH-aH,Cf(,0-0+OOHCH,-OH,-C»0 + OCH<ai,- 


Some of the bcvulaldehyde b further oxidised to hevuBc and 
SQcciaic adds. 


OH,*CX)CH,-aH,OHO 






00,+ CO,H-CH,*CH,’CO,H 


Gutta-percha (which b also obtained from the baric of various 
trees) U Isomeric with rubber ; their stnicturea are the fame, is 
shown by the methods of analysb that were used for rubber. 
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Cp^CH, 
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at H 
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H cai. 


rubber 

cu-form 


-OH, 

N/ 


472A(oUJ 

fi’lMAftbeof.) 




L- V 




CH, CH, 

I 

p,^OH, 


/ 

cp. 
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X-ray difiraction studies (Bunn, 1942) have shown that rubber is 
composed of long chains built up of isoprene units arranged in the 
ci*-fonn, whereas gutta-percha is the ironj-form. 

In rubber, the fbntn repeat unit is 8*10 A, whereas in gutta-percha 
it is 4-72 A- Both of these values are shorter than the theoretical 
values of the repeat distances (9*13 A and 6*04 A respectively) 
calculated from models. The reasons for these discrepancies are 
not clear, but for gutta-percha it has been explained by assuming 
that the isoprene units are not coplanar. The infra-red absorption 
spectrum of rubber has bands which are in keeping with the struc- 
ture that has been propKwed. Also, the lintar a^pe of the molecule 
is indicated by viscosity measurements of robbCT solutions. 

533a. Vnlcanlaatioa of robber. When crude rubber is heated 
with a few per cent of sulphur, the rubber becomes vulcanised. 
Vulcanised rubber Is less sticky than crude rubber, and is not so 
soluble and does not swell so much in organic solvents, Furtber- 
more, vulcanised rubber has greater tensile strength and elasticity 
than crude rubber. 

The mechanism of vnlmnisation is stfll not clear. Vulcanised 
robber is not so unsaturated as rubber itself, the loss of erne double 
bond corresp o nding approximatefy to each snlphnr atom introduced. 
It therefore appears that tome sulphur atoms enter the chain, 
vulcanisation occ u rr in g through intramolecular and inter- 
molecular cross-links ; it is the latter typo of reaction that is desir- 
able in vulcanisation. It should bo noted that not all the sulphur 
is in a combined state ; some Is free, and this can be readily 
extracted. 

Vulcanisation may be acederated and carried out at lower 
temperatures in the presence of certain organic compounds. These 
compounds are consequently known as acederaton, and all of thifTp 
contain nitrogen or sulphur, or both, e.g., 

^■C^i S f 

NH-C:;;^ (CH,),N'C-8-B-C-N{CH,), 

teUnmethylthionun 

diphenjlgusnidine diaolptide 

8 8 

I n 

(CH,),N- C-8-Zn-8-C-N(CH,), 
xlao dlmethykhthiocarbainate 

mercaptobenxothUxola 

Mcrcaptobeniothlaiole is the most widely used accelerator. Many 
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i no r ganic compounds can also act as accderaton, &.g., rinc oxBe. 
Organic acceJeratora arc promoted by these inorganic compounds, 
and corrent practice it to vulcaidse robber with, t.g., mercapto- 
bcnzothiazole in the presence of rinc oxide. 

The actual properties of vulcanised rubber depend on the amount 
of sulphur used, the best physical properties apparently being 
achieved by using about 3 per cent, sulphur, 6 per cent xinc oxide, 
and about 1 per cent of the accrierator. When 30-60 per cent 
sulphur is used, the product is tboniie. 

The elasticity of rubber is believed to be due to the existence of 
rubber as long chain molecules which are highly '' Idnlced ” in the 
normal state. When subjected to a stretching force, these rfwimi 
** unkink and return to their normal condition when the force is 
removed. 

§33b. Synthetic rubhera. There are many synthetic rubbers 
in use, each type possessing certai n desirable propertiei. 

Buna rubbers. Under the influence ol sodium, butadkoe 
polymerises to a substance which hat been used as a rubber substi* 
tube under the name of Buns {tee VoL I). Buns Niati tynthetic 
rubber trtiich is produced by the copolymcrisation od butadiene tnd 
vinyi cyanide. Buna S or Perbunan is a copolymer of bu t t diene 
and styrene. 

Butyl rubber. Ojpolyrnerisation of fiobutylcne with a small 
amount of isoprene produces a polyuobutylejae known as Bufyi 
rubber. 

Keoprene. When pasted into a solution of cuprous ddorkk 
in ammonium chloride, acetylene dimoises to vmylacetykfle. This 
dTTr>w ran add on ODO molccule of hyd rogen chloride to fonn 
Chlcroprene (2-chIorobuta-l:3^1icnc), the addition taking place in 
accordance with Markownikoff’s rule (see also VoL I). 

2CH-CH kCH,- 0H-O^ ±ie-KCHi-CH-CC!"CH, 

Chloroprene readily polymerises to a rnbber4ike substance known 
as Neoprene. Actunlty, the nature of the polychloroprene depends 
on the conditions of the polymerisation. 

SQlcone mhbcTB. These are chemically sinular to the aiHcone 
resins. The chief silicone rubber is prepared by treating tte 
hy^lysif product of dimeth^dichlorosilaDC, (CH^^Q*, 
various r^i fnj t minAi capable of increasing the molecular wei^ 
without the formation of cross-Unka, ia., th^r produce long-chain 
molecules. 


-aucn,)r-o-Si(C3H,),-o-Si(CHj)r-o~ 
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Sflicone rubbers have very high electrical insulating properties, and 
do not deteriorate on exposure to light and air, and arc resistant to 
the action of adds and alkalis. 
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CHAPTER IX 


CAROTENOIDS 

§1. Introduction. The carotenoids are yellow or orange pig- 
ments which are widely distributed in plants and animals. The 
amounts in which they occur are very small, and it is not certain 
whether animaN can actually synthesise carotenoids. Chlorophyll 
is always associated with the carotenoids carotene and hitein ; the 
carotenoids act as photosensrtisers in conjunction with chlorophylL 
When chlorophyll is absent, 4.g., in fungi, then the carotenoids are 
mainly responsible for colour. Carotenoids are also known as 
lipoclrromcs or chromolipkis because they are fat-soluble pigments. 
“Hiey give a deep blue colour with concentrated sulpbniic add and 
with a chloroform solution of anttmony trichloride (the Cair-Price 
reaction) ; this Carr-Pricc reaction is the basis of one method of 
the quantitative estimation of carotenoids. Some carotenoids are 
hydrocarbons; these are known as the Other carotenoids 

are oxygenated derivatives of the carotenes ; these are the xaniMo* 
fhyGs. There are also adds, the caroisrwid adds, and esters, the 
xai^ikyphyQ estsn. 

Chemically, the carotenoids are polyenes, and almost all the 
carotenoid hydrocarbons have the molecular formula CioHi,. Also, 
since the carbon skeleton of these compounds has a polyisoprene 
structure, they may be regarded as tetraterpenes {cf. §1. VTH). 

In most of the carotenoids, the central portion of the molecnle 
is composed of a long conjugated chain co m prised of four isopreno 
units, the centre two of which are joined tail to tail The ends of 
the chain may be two open-chain struct nre s. or one open-chain 
structure and one ring, or two rings. The colour of the carotenoids 
is attributed to the extended conjugation of the central rbnm 
(see VoL I). X-ray analysis has Aown that in the majority of 
natural carotenoids, the double bonds are in the irons position ; a 
few natural carotenoids are cis. Thus, if we represent the ends of 
tho chain by R (where R may bo an open-chain structure or a ring 
ijvtem), /ronr-carotencs may be written : 
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p. Carotenes. Carotaic ms first Uokted by Wackmroder 
(1831) from carrots (this tvaj the origm of the name uroUn, wfakh 
vras later changed to carolent). Tl» molecular formnla of carotene, 
however, was not determmed ontll 1907, when WHlstltter showed it 
was Carotene was shown to be unsatorated, and when 

treated with a smaU amount of Iodine, it fonns a crystaffinc dl- 
iodide, Kuhn (1020) separated this di-kxiU^ into two 

fractions by means of frac^nal crystallisation. Treatment of ewh 
fraction with thiosulphate regenerated the corresponding carotenes, 
^vhidl were designated a- and /^'-carotene. Kuhn d al. (1033) then 
found that chromatography gives a much belter separation of the 
carotenes themselves, and in this way isolated a third isomer, 
which he designated y-carotene. 

tt-Carotene, m.p. IST-lST-fi* ; optically active {dextrorotaiOTy}. 

^-Carotene, m.p. 184*6^ ; optkalty inactive. 

y-Carotene, m.p, 1706* ; optically inactive. 

It appears that all three carotenes occur together in nature, but thOT 
relative proportions vary with the source, e.g., carrots contain 
16 per cent, a, 85 pet cent, fi, and 0*1 per cent y. Carotenes are 
obtadned commercially by chromatography, two of the best sources 
being carrots and alfalfa. 

p. p-Carotene, "When catalytkally hydrogenated 

(platinum), p-carotene forms pcrhydro-^-caiotesio, CiaHfy. Thus 
^-carotene contains eleven double bonds, and since the formula of 
pohydro-^-carotene corresponds to the general formula 
it ff^ows that the compound contains two tings. 

When mqxjsed to air, ^^aroteue develops the odour of vWets. 
Since this odour ia chazacteristic of ^onone, it was thou^t that 
this residue is present in ^<arotenc (see 56. VTU). This was con- 
firmed by the fact that the oxidation of a benrenc solution of 
^-carotene with cold aqueous potasshim permanganate gives 
^-kmonc. Kow ^-kmone, I, on otcmolysis, gives among other 
things, geronic add, II (Karrer d al., 1929), 



/5-Carotenc. on oionolysis, gives geronic acid in an amount that 
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corresponds to the presence of two /J-ionone residues (Karrer ei al., 
1030). Thus a tentati>*e structure for ^-carotene is: 


Cu 


[•i- y — c » — ^ =i-ciMa\^X 


Since the colour of ^-carotene is due to extended conjugation (§1), 
the Cj 4 portion of Uio molecule will bo conjugated. The presence 
of conjugation in thU central portion is confirmed by the fact that 
^-carotene forms an adduct with five molecules of mdeic anhydride 
(NaJeamiya, 1036). 

Gcronic add, on oxidation with cold aqueous potassium per- 
manganate, forms a mixture of acetic add, a;a-dJraethylglutaric, 
III, oua-di^thylsucdnic, IV, and dimethylmalonic adds, V. 

II in IV V 


Oxidation of /?-caxotene In benicno sohition with cold aqueous per- 
manganate gives a mi xtu re of ^ionone, in, FV, V, and acetic add, 
the amount of acetic add being more than can be accounted for by 
the presence of two ^-ionone residues. Thus there must be some 
methyl side-chains in the central C |4 portion of the molecule. 
Since it is essential to know the exact number of these methyl side- 
chains, this led to the development of the Kuhn-Roth methyl 
elde^chaln determination (1031). The first method used was to 
oxidise the carotenoid with alkaline permanganate, bnt later 
chromic add (chromium trioxide in sulphnric add) was found to be 
more reliable, the methyl group In the fragment — C(CHj)= bdng 
always oxidised to acetic add. It was found that alkaline per- 
manganate only oxidises the fragment =C(CH,) — CH— to acetic 
add, and fragments such as e=C(CH,) — CH, — are incompletely 
oxidised to acetic add, or not attached at all (Karrer ei al., 1030). 
Since a molecule ending in an isapropyiidene gro up also gives acetic 
add on oxidation with chromic add, this end group is detennined 
by ozonolysis, the acetone so formed being estimated vohmietrically. 
Application of tbo Kuhn-Roth methyl side-chain determination to 
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^-carotene gave fooi molecules of acotic odd, thus indicating that 
there are foui — C(CHj)= groops in the chAtn. The poatioos of 
two of these have alrea^ been tentatively placed in the two ead 
yS-lonone resldtiea {see tentative structure above), and so the prob- 
lem is now to find the positions of the remaining two. This wu 
done as follows, Distfllation of carotenoids under normal con- 
ditkms brings about decompodtlon with the formation of aroroatic 
congxmnda. Thus the distillation of /^-carotene produces toluene, 
f»j-3^ene and 2:5-dlniethyInaphthalene (Kuhn ci al„ 1033). The 
formation of these compounds may be explained by the cydisatitm 
of fragments of the polyene chain, without the ^-ionone rings being 
involv^ The following types of diain fragments would give the 
desired aromatic jatjducts : 


(a) 




OHr-cT Yi 

.cii 


L 





toluene 


(W I 






OHj 


[f-i CKH, 


1 

A'' 

CHj’C^ OCH, 

I 11 




.CH 


JTHjlcftB 



fi:C-ilixn«thylaaphth*iw» 
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The following symmdrieai structure for ^-carotene would satisfy 
the requirements of (a), (6) and (c) ; the tail to tail union of the hvo 
isoprene units at the centre should be noted- 



This symmetrical formula for ^-carotene has been confinned by 
the following oxidation experiments (Kuhn et (d., 1932-1035). 
When ^-carotene is oxidised rapidly with potassium dichromate, 
dihydroxy-^-carotcne, VI, is obtained and this, on oxidation with 
lead tetra'acetate, gives semi-^-carotenone, VII, a dihetone. Since 
both VI and VII contain the tarn* number of carbon atoms as 
/5-carotcne, it follows that the doubU bond in one of ths P-ionons rin^s 
has been oxidised ; otherwise there would have been chain scission 
had the chain been oxidised. Oxidation of semi-^-carotesione with 
chromium trioxide produces ^<aroteoone, Vin, a tetraketone 
which also has the same number of carbon atoms as ^-carotene. 
Thus, m this compound, the olMtr ^ionone ring is opened Now 
only ons dThydroxy-^Jorotene and om 8eni-^<arotenone are 
obtained, and this can be explained only by assuming a S 3 uu. 
metrical structure for ^-carotrae. Thus the oxidations may bo 
formulated ; 



VII vrn 


This structure for /3-carotene has been confinned by synthesis, 
€.g., that of Karrer d al. (1950). The acetylenic carblnol IX is 
treated with ethylmagneshun bromide, and the product is treated 
u shown. 
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EX has been prepared by laler (1049) by treating ^ionone with 
propargyl bromide in the presence of rinc (c/. the Refonnatsky 
reaction) : 

OH, 

"CHCO + OH,BrO=OH 


OH, 

,CH-CHO-CH,-ObOH 
OH 

EX 

The most convenient way of preparing the dfleetone {oct-4-ene- 
2;7-dk)ne) starts with bat-l-yn-3-ol (Inhoffen ei aJ,, ID51) : 

JCRi'CIIOH'feCH CH.-CHOH-C^-C^CHOHCH, 


Him, 


oi(3-En,a 

CH,*CHOH*CH=CH<H=CH-CHOH-CH, 

U0O, 

► CH,«C0-CH^31<H=CH-C0-CH, 

CH,-a>CH,CH=CHCH,*CO-CH, 


An important point to note in this synthesis is that lithium ala- 
minium hydride will reduce a triple bond to a double bond when 
the former is adjacent to a propaigylic hydroxyl group, 1 ^., 


-C(OH)-C=C 


^ — qOH) ■CH=CH— 


§4. o-Carotene, C,jH, 4 . This is isomeric with ^-carotene, and 
oxidation experiments on a-carotene have led to results similar to 
those obtained for ^<arotene, except that tiogeronic add Is obtained 
as rv-cli as geronlc add. Since isogeronic add is an oxidation 
product of a-iononc, the condusion b that a-carotene contains one 
^kmonc ring and one a-ionone ring (JO. VIII) [Karrer ei aJ., 1033]. 


X XH-cH-cenm, 


u 


a*lonono 


i2U| 


CHCO,H| 

do < 3 1 , 

L 'cOiH 




CO-CII) 

'co,n 

iiognronio add 



S94: OEGAlfIC rmnfr ft Tg y 

Thus the s tru c tu r e of a-caroten© is : 


(CB. Et 



KCH-CHCn 


-c-CH-on-CH o6 CH«tm 




As vrc have seen, a-caroteD© is optically active (§1), and this is doe 
to the presence of the asymmetric cartxm atom (•) in the a-wnooe 
ring. The stractnro given for e-carotene has be^ confirmed by 
syntheris (Karrer ei al., 19fl0)> The method is the same as that 
described for ^-carotene, except that one molecule of the ace^dodc 
alcohol i^stmetore DC, is used together ■wHh oim molecate oi the 
corresponding ct-ionone derivativo : 



It is mtcresting to note that ct-carotene has been converted into 
the ^-isomer by heating the a-cotopound vdth ethanoUc sodinm 
etboxide and benzene at lOO-llO* for some time (Karrer li 
1W7) ; this is an example of three carbon ^n'cdotropy. 

|6. Lycopene, mup. 176®, is a carotenoid that is the 

tomato pigment Since the structure of y-carotene depends on 
that of lycopene, the latter will be dbcassed here, and the forms 
in the next section. 

On catalytic hydrogenation (platinum), l 3 rcopene is converteu 
into perhydrolycopene, CioH,,. Therefore lycopene has tbirtcsi 
double bonds, and is an acyidic compound (Kantr ti at, IMS). 
Oionotysis of lycopene gives, among other products, acetone ^ 
lavuHc add ; this suggests that lycopene contains the tcnninsl 
reaidae: 


acetone ■ laevuUc arid j 
methylheptenoxve — ^ . 


C?Hj 


CH,' 
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This is strpported by tbe fact that controlled oxidation of lycopene 
with chromic add produces 6-iiiethyIhept-5-eii-2-one [cf. §6. VIII). 
Quantitative oxidation experiments (ozonolysis) indicate that 
grouping occurs at each end of the molecule (Karrer d ai., 1929, 
1931). Also, the quantitative oxidation of lycopene with chromic 
add gives six molecules of acetic add per molecule of lycopene, 
thereby suggesting that there arc six — C{CHj)= groups present 
in the chain {cf. §3). Controlled oxidation of lycopene with chromic 
add gives one molecule of methylheptenono and one molecule of 
lycopcnal, Ca|H 4 , 0 , and the latter may be further oxidised with 
chromic add to another molecule of methylheptenone and one 
molecule of a dialdehyde, (Kuhn d aJ., 1932). Thus this 

dialdehyde constitutes the central part of the chain, and the two 
molecules of methylheptenono must have been produced by the 
oxidatkm of each end of the chain in lycopene. The dialdehyde 
may be converted into the corrc^)onding dioxime, and this, on 
dehydration to the dicyanlde, followed by hydrolysis, forms the 
dlcarboxylic add C, 4 Ha 04 , which is identical vtith norbixin (§9). 
Thus the dialdehyde must bo bixindialdchyde, and so it may be 
inferred that the structure of lycopene is the following symmertcal 
one, since it accounts for aH the above facts. 
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CR, cn, ca, 

(C3I*C=CH-CH,-C3I,-C>=CH-CH=CH-C=CH-CH=CH-i*iR<H 

(CHAO=CH-CH,-CH,-C=CH- CH=CH-^CH-CH*=CH-C==CB-CH 

CH, CH, 

lycopene 


ICrO, 


<j®i Y«, 

(CII,),CVCH-CH,-CH,-CcO + CHO<ni=CH-C=CH-CH"<2I-C=CHCa 

laetl^lltfplenoae | 

fCHj),C==CH-CH/ CHi'C^CHCH^CH'Ct^- CB*CH-C>=CH-CH 
ill) CHj CH| 

lycapeiul 

IcrOi 

CTj CTj 

^CH0*CH*=CH•C=<3^C3=^CH•C»CH■^ 
(CHjliC-CH-CHfCHi'C«0 aao*CH*5CH*C><a5*CH*<3*pM^ 
methyOwpteaane C3, CHj 

bhimCsld^iTde 

[niKHiOH 

Imtoh-cvtiOHVf] 

OT, CH. 

(»,HCM=«H-C=iCH-CH*CH-C*<3f® 

CO,H-CH-CHY'«CH-CH«:CH-C=CH<H 

CH, 

ncrtifain 

The stra clnr e ass^ned to ly cop en e has been confinned by synthcc* 
(Karrer a al., 1950). Tr>^j»«ri of the acetyiemc caibinol IX in §5. 
two roolccnks of the foIlowTng co m po Ti ad were osed. 


CH, 


n } 


Hj-CbCH 
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J6. Y-Carotcne, Catalytic hydrogenation con\*erta 

y-carotene into pcrhj'^o-y-carotcnc, Thus there are 

t\rel\*c double bonds present, and the coinpoimd contains one ring. 
Oionolysls of y-carotenc gira, among other pnxlucts, acetone, 
hc\'iilk add and geronic add. The formation of acetone and 
brvmlic add indicates the structural relationship of y-caroteno to 
Ijxopcnc, and the for m ation of geronic add indicates the presence 
of a ^ononc ring (Kuhn rt «/., 1033). On this evidence, and also 
on the fact that the grcmlh-promoting response in rats uas found 
to be half that of ^-carotene, Kuhn suggested that y-carotene 
consists of half a molecule of ^<arotcnc joined to half a molecule of 
IjTOpenc ; thus : 


or- 


ir-c-at ar-an>c 


CH df-cH ai«c ai«ai cir=c cn: 


(CHJ;C 

nt 


This structure for y^arotene is supported by the fact that the 
absorption maximum of y<arotcne in the snsiblc region lies between 
that of ^<arotcne and that of lycopene. 

Two other carotena ha\*c been prepared, iwcarotcmc and er 
carotena 


57 . Vitamin A, C,,H,gO. \ntanun A is also known as Axoro- 
pbtfaol, and is also usually referred to as Wtamin Ai since a 
second compoimd, known os \itamin Aj, has been isolated. 

Vitamin Aj influences gnn\-th in animals, and also apparently 
increases resistance to disease. Night blindness is due to dtamin A j 
deficiency in the human diet, and a prolonged defidenej’ leads to 
xerophthalmia (hardening of the cornea, etc.), \ntamin Aj occ u rs 
free and as esters in fats, in fish liv-crs, and in blood. It was origin- 
ally isolated os a >'iscous j-ellow oil, but later it was obtained as a 
o^ttallinc solid, nup. C3-(H* (Baxter rt aJ., IWO). Vitamin Aj is 
estimated by the blue colour reaction it gi\*c3 with a solution of 
antimony trichloride in chloroform (the Carr-Price reaction ; c/. 
§1) ; it is also estimated bj’ light absorption (dtamin Aj has a 
nuudraura at 328 m/i)- 

Carotenoids arc conN*crtcd into dtomin Ajin the liw, and feed- 
ing experiments showed that the potenej’ of a- and y-carotenes is 
half tlut of ^-carotene. This provitamin nature of ^-carotene led 
to the suggestion that vitamin Aj is half the molecule of/J-carotene. 

On caWj'tic hj'drogenation, vitamin Ai is converted into per- 
hjdrovitamin A,. C^1I«0 : thus vitamin Aj contains five double 
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bonds. Since vitamin Aj fonns an ester with ^nitrobenioic add 
(this ester is not crystalUsable), It foUows that -idtaminAi contains 
a hy d f oa ^l group. Thus the parent hydrocarbon of vitamin Aj is 
consequently the molecule contains one ring. Ozo^ 
lysis of vitamin Ai produces one molecule of geronlc acid (§3) p« 
molecule of vitamin Aj, and so there must be one ^-ionone nucleus 
present (Karrcr, 1931, 1932). Oxidation of vitamin Aj with per- 
manganate produces acetic add ; this suggests that there are fiome 
— C(CHj)= groups tn the chain. AH of the foregoing facts are in 
keeping with the suggestion that vitamin Aj is half the ^-carotene 
structure. When heated with an cthanolic solution of hydrogen 
chloride, vitamin Aj is converted into some compound (II) which, 
on dehydrogenation with sdculnm, forms l;6-dimethylnaphthaleDe, 
in (HcHbron et ai., 1932). Hcflb^ astumed I as the stmeture of 
vitamin A^, and eiplained the course of the reaction as follows ; 



ni 


Peifaydro vita inm Aj baa been 83mthcaiscd from^ionone (Karrer, 
1933), and was diown to be identical with the compound obtained 
by n^ncing vitamin Ai ; thus there is evidence to support the 
structure assigned to vitamin Aj. Final proof of structure must 
rest with a synthesis of vitamin Aj itself, and this has now bem 
accomplished by several groups of workers. The foEowing synthesa 
is that of laler at ai. (1947). This starts with methyl vinyl toons 
to produce compound IV, one stage of the reactions Involving m 
allylic reanangement {ef. §8. VIII). Compound V is prepared 
from ^ionone by means of the Darrens gtyddic ester reaetto 
(see tdso VoL I). The following chart shows the steps of the 
synthesis, and it ghc> n1d be noted that another ahylic reanangement 
is involved in one of the later steps (see p. 400) : 
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Prtparaiion of IV. 




(jM, 


CIIrCH-C-of^^CH^CH-C-C-CH ^ 
ONa 


CHj 

OH^»CH-C-CsOH -tiii^^OHiOH-OH-i-OECH 
dlH 

CH, 

c.",*'^ — -.-BrltgOOHi-CH-0-CiCMgBr 
IV 


pTfiparation of V. 



^‘W5H,GH=^0H 

or,. 


In the hydrogenation of VI to VII, barium sulphate is used to 
act as a poison to the catalyst to prevent hydn^enation of the 
double bonds. Partial acetylation of VII (primary alcoholic groups 
are more readily acetylated than secondary) protects the terminal 
gnmp from an allylic rearrangement in the co n ver si on of Vm to IX. 

The crude vit amin Aj obtained in tlm above synthesis was purified 
via its ester with anthraquinone-2-carboiyIic add, and was thereby 
obtained in a aystaDine form which was shown to be identical with 
natural vitamin Aj. 
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Comtnnaium of IV and V, dc. 




T i nd l ar (1952) haj shown that triple bonds may be partiaDy 
hj-drogenatol in the presence of a Pd— CaCO, catalj*st that has 
been partially inactivated by treatment with lead acetate ; better 
results are obtained by the addition of quinoline- Thus the hydro- 
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gcnation of VI gives VII in 86 per cent, yield when the T indlnr 
catalyst is used. 

OH, 

.OH-OH-CO + OIl,BrOH“OHCO,OH, 

I Z> 


CH, 

,0H- OH- 0 • OH,-OH» OH- COjOH, 


W (CO,H), C-u,o] 
(H) Kon 


ch-oh-^ch-ch-cs-co,h 


(i)«oa, 


OH, yH, 

,011 = OH • 6 - on • OH - OH • 00 


|ca,Br-co,c,u^io 

'(R«£anmatik]r) 




CH, 


,OH‘=OH-0-OHOH-OH'g-OH3-CO,0,H, 


Oq KOH 




CH, 




,0H “ CH • 0 - CH • OH - OH* 0 - OH • CO, H 
luiu, X 


CH, OH, 

ch-oh-6-ch-ch-oh-6-ch-oh/)H 
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Another method of synthesfcfag vffamm Aj is dee to rxn. Drtp 
ei ai. (IW6) "who p re pare d vitamin Aj add (X), wtndi was 
reduced by means of lithnna itltmi r r u r m i hydride to v itar. - ^ ty 
Tishlcr (1049) ; ^-ionone and mcQ^ y-br onax Totonate art tii 
starting materials (see p- 401). 

A ftmb TTTTTra- rf eJ. (1052) have also synthesised vjtamra Aj stirt* 
ing from g-^ethyb^'c/o hexa n ttne . 



(-HP) 



Acid causes rearrangement of XI to XU in whicii all 
bonds are in complete conjngatiom snd the reduction of XU f® 
Xrcr by Kt hiom ahnninnnn hydride is possible because of the 
presence of the p r o p argyK c h ydroxyl grouping {53)» 

Synthetic vitami n A, is nerw a co mme rcial product. 

Xeorltamfn Aj. An isomeric biolc^icalty active foim of srtacim 

A, has been isolated from fisbJirer cols (Robescci<i aL, 1947). It 
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has a m.p. 69-00®, and it appears that this isomer, neovitamin Aj, 
is a geometrical isomer of vitamin A|, the former being the g-cti-form, 
and the latter the afl-ironr-form, tlic doable bond involved in the 
isomerism being the terminal one, i^., the doable bond In the 
g r oup ing — C(CH^=CH*CH,OH. 

yitamin A,. A second vitaroin A, vitamin Aj, has been faolated 
from natural sources, and has been synthesis^ by Jones tt al. 
{1051, 1062) ; it Is dehydrovitamin Ai. 



Jones et al. (1965) bav*!) also Introdoccd a method for c oo ver U ng 
vifauuin Al into vibxmln A,. Vitamin Ai may be oxidised to vitamin 
A, aldehyde (retlnenej means of manganeae dioxldo In acetone 
solution (Morton ft al., 1948), and then treated as follows : 


CH - cu oi* • oal,-cno 


(01l«CU OU-CMh-CHO 


[cn-CH-cM*-ciHlrceo . 


0 : 


[cH - CHQit - cmVcH/m 

TttMila Sj 


|8, Xnntbopbyll*. The xantbophyll* occur natorally, and all have 
the same carbOT skeletons as the carotenes or ly cop ene (except flavo- 
zanthin), 

Cryptoxanthin. nup. 106*, Is monohydroxy*^-carotcn6 ; It 

has provltainin-A activity. 
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Hublxanthln, m.p. 160“, is monobydroxy-y-carotene, and 

lyco xnn th ln , m-p, 16S“, appears to be mono ^dr o .i| u - 



rnUzutUa 



> j wiiy»mI4ti 


Rhodoxanthin, C4;H,,0„ m.p. SIO*. is believed to be the foJkwto 
diketoDC. 


Lutein, m,p. 1W“, was formerly known as santhophjD; 

It is di h ydroxy-tt-carotene. 

Zeaxanthln,nLp. 206“, and lycopbyll, m.p. 17P“, are the cnrrtspc^ 
ing dfliydroxy derivatives of /^carotene and l y c erpeae, reqiectivdy. 

■MTinHili iTtcylef 

J9. Carotenoid adds. These are compotinds wbidi do not 
contain 40 carbon atoms, 

Bixln, Natural Hvin is a brown solid, ntp. ISS*, 

and is the ers-form ; it is readily converted into the more stable 
frans-fonn, imp. 216-217 

V?hen boiled with potasrium hydro xi de solntion, bixin prodxKtt 
one molecule of methanol and a dipotassinm salt which, on acich- 
fim t io n , gives the Hfha«qr add norblzln, CjjH*04. Thus bi xi n is a 
monomethyl ester, and ran be esterified to give methylbixin. 

On catalytic l^drc^enation, bixin is converted into perhydro- 
bixin, Ct,H 4 , 04 ; thus there are 9 double bonds present in tl« 
molecule (LiebcTTnarm et al., 1916). Perhydiobixin, on hydrolysis, 
forms perhydronorbixm. Oxidation of bixin with permanganate 
Produce* four molecules of acetic add (Kuhn et oi., 1929) ; thus 

o four —C(CHa)= groups in the chain- Furthermore, since 
■ hydrowbon of peri^dronorbixin, CjiH^O*. is 
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(the two carboxyi groups are r^arded as substituents), the molecule 
is acyclic. 

The thermal decomposition of biiin produces toluene, m-xylene, 
«-toIuic add and the methyl ester of this add (Kuhn ei a/., 1932). 
Hence the following assumptions may be made regarding the 
nature of the chain {cf. ^-carotene, §3). 



CTRi 

HO|0-CH«0H-C«CH-CHeCH- 


ch,o,o-ch-ch- 


CHj 

i=CH-CH-CH- 




Tbe foregoing facts may be explained by assuming the following 
structure for bixin (Kuhn d aL, 1932) : 

pr, a;, cji, at, 

iiOiCai«CT-c-c3rciioarc»oiiGnt3CHCH«»c-oit-arcH-«c-CH— oh-cOtCI^ 

This structure fs supported by the fact that perhydrouorbixin has 
been synthesised, and shown to be identical with the compound 
obtained from the reduction of bixin (Karrer et aJ., 1933). 

Crocctin, CioH^Oi. Crocetin occurs in safiron as the digen- 
tiobioside, crocin. The structure of crocetin was eluddated by 
Karrer d gJ. (1928) and Kuhn d oL (1931). Crocetin beha\'es as a 
dkarboxylic add and has seven double bonds (as shown by catalj'tic 
h>*drogenatlon to perhydrocrocetin, C*^tt 04 ). On oxidation with 
^^hroinic add, crocetin givusS— 4 molecules of acetic add per molecule 
of crocctin ; thus there arc 3-4 methyl side-chain*. The structure 
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of crocoHn was finally shown by the degradation of pethydronox- 
birin, C,,Hj, 04, by means of the fofiowing method ; 

H-CH,-COiH ■52±^R<IHBr4X),H ■i glS h *- <-R-CHOH-0O,H 
> ■ r-OHOH- 00,CB, -2ii!li»-R-0H0II-0(0H)(CHj), 
v R-CHO --t S «-R CO,H 

This set of reactions wts porfonned tvia on perhydronahudn, 
thereby resulting in the loss of foor cerbon atoms (two from each 
end) ; the product so obtained was peibydrocrocetin, C^HaO*. 
On these retnlti, crooetin is therefore : 

OHj C5T, ^ OT, CH, 

HO,C-0«K3H<IK«OH'C«CH-<3R-CIH<7H«C'CH*h3H'C^ 

This stmetnre is supported by the fact that the removal of two 
carbon atoms from pcrhydrocrocetin by the above technique {one 
carbon atom is lost from each end) resulted in the fonnatioii of a 
diJutofu, The fonnatfon of this compound shows the presenoe of 
an flwnethyi group at each end of the molecule. The itrochire of 
crocetin Is further supported the synthesis of perhydrocrocetin. 
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CHAPTER X 


POLYCYCLIC AROMATIC HYDROCARBONS 

§1. Introduction. Naphthalene, anthracene, idienanthrene, 
flnorcne, etc., have been described in Volume L All these com- 
pounds occur in coal-tar, but also present are many polycyclic 
hydrocarbons containing four or more rings, and others of this 
tj^ have been synthesised. 

p. General methods of preparation of polycyclic hydro- 
carbons. Before dealing with a number of individual hydro- 
carbons, it is instructive to review some of the general methods 
whereby these polycyclic hydrocarbons may be prepared (see also 
VoL I). 

(i) Flttig reaction, anthracene and phenanthrene may be 
prepared by the action of sodium on o-brcmobeniyl bromide. 



^OH|Br BrOIlK H,O-0^, 

4Na+Br ^~^ 



pbeuanthrcDO 


00 Ullmonn dlnryl sj’nthesis. This method results In the 
407 
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formation of isolated polynudear compoimds, e.g., hea^g lodo- 
benteno with copper pow^ in a scaled tube produces diphenyl 

SO.H.I + 20u — ► ^ + SCuI 

Compounds of the isolated system type can, trader suitable con- 
ditioia, be converted into condensed polycyclic corapounds (see 
method Ui). In certain cases, the UUmann synthesis leads to con- 
densed systems (seo f4c). 

(iii) X^y compounds of the isolated system type can bo con- 
verted into condwased systems strong heating, *.g., o-methyi- 
diphenyl forms fluorene. 



2:2'-DimethyldfphenyI forms phenanthrene when passed through s 
red hot tube, but a much better yield is obtained when the di- 
methyldipbcnyl is heated with sulphur. The latter is an oxampifi 
of cytlodehydrogenation (we also method vli). 



(iv) Frledel-Crafts reaction. Condensed ^lycyclic com- 
pounds may be prepared via an external or an mternal Friedel~ 
Crafts reaction. An example of the former is the preparation of 
anthracene from bentyJ chloride ; an exanqile of the Utter b the 
preparation of phenanthraqulnone from benril. 
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A very important case of the internal Friedel-Crafts reaction is that 
in which ring closure is effected on add chlorides, e.g., the conversion 
of y-phenylbutyryl chloride to a-tetralone. 



This type of ring dosuro may be effected by the action of concen- 
trated sulphuric add on the carboxylic add itsdf, e.g., 



(v) Elba reaction. In this method, polynndear hydrocarbons 
arc produced from a dlaryl ketone containing a methyl group in the 
o-posrtion to the keto group. The reaction is usually carried out 
by beating the ketone under reffuz or at 400-450^ un^ water is no 
longer evolved, e.g., o-metbylbenzophenone forms anthracene. 



(vi) Fhenantbrene syntheses. The phenanthrene nudeus is 
particularly important in steroid chemistry, and bo a number of 
methods for synthesising phenanthrene are dealt with in some detail, 
(a) Pschorr synthesis (1896). This method offers a means of 
preparing phenanthrene and substituted phenanthrenes with the 
substituents in known positions. Phenanthrene may be prepared 
08 foIlowB. starting with o-nitrobenialdehyde and so<ium ^-phenyl- 
acetate. 
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(6) Haworth amtheaU (1932). Najdithalenc h coadeoKd wtli 
suoink anhydrido in the presenco of alamfadrnn'chloj^'in nhrch 
beruCTc solution. Two naphthoylpropionic odds are obbuaaJ, 
and these may bo acparated. ' V-':; 
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The Haworth synthesis is very usefol for preparing olkylphenan- 
threnes with the alkyl gronp in position 1 (from I) or position 4 
(from II) ; a.g., 



1 


By using methjdsuccmic anh 3 rdride instead of succinic anhy- 
dride, a methyl group can be introduced into the 2- or J-position ; 
in this case the condensation occurs at the less hindered keto 
group, 1 ^., at the one which is farther removed from the methyl 
substituent 



a-Bromoketone derivatives of naphthalene may bo used in the 
ntakmlc ester sjmthesis to prepare alkylphcnanthrenes, e.g.. 



+ Girj‘CH|*CXXIl 



main product 
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(c) Stobbe condensation (ISdO). This method has been im* 
pzovtd bj» Jc^nson (1W4). and has been used to prepare pbcoan- 
threne dcri^’atives (see Vol I) ; 



(i) Bardhan-'Sen^npta aynthesls (193S). In this 
the starting materials are S-pbenykthyi bromide and ethyl 
bexane-2-carboijiatc ; these may be prepared as follows : 
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It might be noted here that the Bardhan-^engupta and Bogert-Cook 
methods both pnx»ed via the formation of olc^ III, which thim gives 
a mixtoTD of octahj-drophcaanthreno IV and the »pinm V. 



rv V 


(vii) Dehydrogenatioti of hydroaronmtlc compoond* rrlA 
Btilphor, Mlenium or palladlted charcoal. Tlus method a 
Tnainiy confined to the dehydrogoiatjon of six-coembered rings, bot 
five-taembered rings may sometimes be dehydrogenated when they 
are fused to a six-^nembered ring. The general methods aie *» 
foHotrs : 

(а) Heating the compound with the calculated amount of sulphur 
at 200-'220‘’ ; hydrogen is eliminated as bj’drogen aulj^ude (\^estet^ 
bcig» 1903). 

(б) Heating the compound with the calculated amount ofseknto 
at 250-280® ; hydre^en is elimmated as hj'drogen selenide (Dws, 
1927). 

(c) Heating the compound with paUadinm-charcoal up to about 
300®, or passing the vapour of the compound over the catal^ 
heated at 180-360® ; hydrogen is eliminated catalyticaliy. Shnf* 
examples of catalytic d diydr ogenatioii are : 
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cycIohcxBJia 



hTdrlcdane 



Pcrb>’dro-compounds, O., fully hydrogenated compounds, are 
readily dehydrogenated catalytically, but art very little affected, 
if at all, by the rh^mteal reagents sulphur and selenium. Partially 
tmsaturated compounds, however, are readily dehydrogenated by 
sulphur and selenram. 

The method of drfiydrc^enation has been very useful in the 
duddation of structure in terpene and steroid chemistry ; specific 
examples are described in these two chapters. The foDmring is an 
account of some of the general problems m\-olved in dehydrogena- 
tion. 

Originally, dehydre^enation was applied almost entirely to hydro- 
carbons, but subsequently it was found that many compounds con- 
taining certain functional groups could also bo dehydrogenated, the 
nature of the products depco^g on the nature of the functional 
group. 

(0 Alcoholic groups may be eliminated with the formation of 
nnsaturated hydrocarbons, e.g.. eudesmol gives cudaleno (528b. 
VIII) ; cholesterol gi\‘e5 Diels’ hydrocarbon (§1. XI). 

(H) Phenolic hydroxj'l groups and methylated phenolic groups 
ftre usually unaffected by dehydrogenation with sulphur, \\1th 
sdcnlnm, these groups may or may not be eliminated, but the 
hj^cr the temperature at which the debjilrogcnation is carried out 
(particularly above 300'^, the greater is the likelihood of these 
groups being eliminated. 

(ui) The products obtained from ketones depend on whether the 
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keto gronp is in a ring or in an open cbahi.' 
are deby^ngcnatcd to (dMooU, $,g.. 


lira cyctic^keio^ 






\Vben thn keto grocp is in a etdes^iain, then it is often tmaSected.^ 
(tv) Carboxyl (or carboalkoxyl) g r o ups are djirnnattfid irtra': 
attached to a tertiary carbon atom, *.g^ abiotic add gives ret^' 
(§31. VIII). If, however, the carboxyl group is attached to x\ 
primary or secondary carbon atom, it is osoally unaffected vfaa^ 
the dehydrogenatioa is carried ont \rith sulphur or p aBa dhtov ; 
cbarcoaL On the other hand, the carboxyl group is usQa%^ 
eliminated (decarboxylation) when seleniuru is used, hut in some, 
cases it is converted into a methyl group (see, vitamin D/ 
§«.XI). \ 

(v) In a number of cases, ddjydrogenatioD is accoicpanied by t‘ 
reairangcrocnt ol the carbon sl^ton. this tending to occur it; 
higher temperatures and when the heating is prolcmged. > \ 
(a) Ring contraction may occur, 



pcZgheptac* 


(4) Ring c^sinsion may occur, s-g. 

(see §1. XI). 

(c) Compounds containing an angular methyl group tend 
eliminate this mthyl Rroup as CH^H or CH>S^, <.g., eodasmo 

1.1 /MM .t._i »_i 


chotetcroi gives chrysene 

h 

t««md to 


cummate thu methyl group as CHaSH or Uii,ocr5, eg., 
give* cudalcnc (|28b. VIU), cholesterol gives Diels’ hydrocarbon 
(§1. XI). In some cases, the methyl group enters a ring, 
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thereby bringiDg about ring expanaon {ef. (&) above). On the other 
band, a normal substituent methyl group may mi^te to another 
position, c.g., 6:0:7:&-tctrabydro-l:5-dhncthylphcnanthrcno gives 
l:8.dimethylphenanthrene on dehydrogenation with sclenimm 
(ii) Side-chains larger than methyl may remain intact, or be 
eliminated, or be degraded, e.g.. 





(f) Dehydrogenation may produce new rings (c/. method iU); e.g. 
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BE^'Z:ANTHRACENES 

§3. Naphthacene (2*^Benzanthracene), ts an orange 

solid, ECLp. 357*. It occurs in coal-tar, and has been lynthcsiscd 
as foUoTvs {Fiescr, 1031). 



phtbaBo letmlJn 



\\Tica oxidised with fuming nitric odd, naph tha cene forms 
naphtbacenequinone. 



|3a. Rubrene {6:6:ll:l2-tctraphcnylcaphthaceDe) may be pre- 
pared by heating 3^^oTt^l:3:3-ti^jhfinyIprop-l'-j'ne alone, or better, 
with quinoline at 120“ in vacuo (Dufraisse d oL, 1926). 



I n 
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It is interesting to note that Dufralsso originally gave rnbrene 
strnctoxo II, but changed it to I in 1935. The mechanism of the 
reaction is uncertain. 

Rnbrene is an orange-red solid, Da.p. 334*. Its solution in benzene 
has a yelJmv fluorescence, but when this solution is shaken with 
air in sunlight, the fluorescence slowly disappears, and a white solid 
can now bo isolated. This is rnbrene peroxide, and r^en heated to 
100-140'’ in a high vacuum, it emits yellow-green light and evolves 
oxygen, reforming rubrene. 



Rubrenc peroxide is actually a derix'ath’C of 6:12-dihjTironaphtha- 
cene, and so the molecule is not flat but folded about the 0-0 axis 
(the carbon atoms at C and 12 aro tetrahedrally hybridised). 

|3b. Two linear beaiene derivatives of naphthaccuc have been 
prepared, vti., pentneene (a deep violet-blue solid) and baxecene 
(a deep-green solid) 1030, 1039j. 



pentacene hezaoene 


Clar (1042) thought he had prepared heptacenc, but in 1050 he 
showed that the compound ho had Isolated was I:2-benzoheiacene. 
\^arioiis derivTitives of heptnecne, however, have been prepared. 


heptacene 


§3c. 1:3-Beiaanthnicene, m.p. ICO’, occurs in coal-tar. and 
has been synthesised as follow-s (Lehmann, 1937). 



420 



l-n^tfaOeae- 

bromide 


f3d. Uj5:6-Diben*anttiracene, m.p. 206*, has bcensyirtb^ 
sised by Cook <t mL (1931), who showed that it had strong cardao- 
genic activity. 



S^narihtholo 



S-raethyl* 

naphlbeieoe 


$3e. 3:4-B€nxpyrcno is a pale 3reUow solid, m.p. 179*, trhkh 
is very strongiy carcinogenic. It occnrs in coal-tar, and has been 
aynthesiaed as follows from pyrene (see Hb). 


POLYCYCLIC ABOUATIC EYDROCAaBONS 
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§3f. 20-Metliylcholaiithr«ne b a pale yellow solid, m-p. ISO®. 
It b a steroid derivotivo, and has been prepared by tho degrada- 
tion of, e.g., cholesterol (see §3 lii. XI). Cook (1034) showed 
that mcthylcholanthreno has powerful carcinogenic properties, 
and Ficser d al. (1036) synthesised it in the following way : 
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The alternative way of writing the fonnula shows more dcariy the 
relaiionahip of methylchokmthrenc to tho steroids {ko |3. for 
the method of numbering in cholesterol). The steroids are phm- 
anthrene derivatives, and so metbylcholanthrene may also be 
regarded as a phenanthrene derivative fmstead of an anthraccoo 
derivative). 


PHENANTHRENB DERIVATIVES 
§4. Chryaene {i:2-benrphcnantlirene) is a colourless solid, m-p 
251*. It occurs in coal-tar, and has been synthesised in several 
tvays : 

(i) By strongly heating 2 -[l-Daphthjd 3 -l-phenylothane. 


t I 
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(ii) By a Bogcrt-Cook synthesis {ef. §2 (vi) «). 



fiv) Phillips (1050) has prepared chrysene from naphthalene and 
the lactone of irons 2-hydrox>'iyc/obexaiKacetJc add : 





W A*3, 
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ChryMne is produced by tlie pyrolysis of iodcnc, and also by the 
dehydrogenation of steroids with sdeniuin- 

f4a. Plcene (l:2.'7;8-dibeii2iAenanthrcne}, m-p. SGC", is ob- 
tained TYhen cholesterol or cholic add is dehydrogenated with 
selenium. It has been synthesised by heating l-methyinapbthalezie 
with sulphur at 300*. 



as follows : 



§4c. Perylene is a \’ery pale ycDow solid, nLp. 273*. It ocau* 
in coal-tar, and has been synthesised in aeveial ways. 

(i) S-Naphthol, on treatment with ferric chloride solation, foncs 
l:i'-dinaphthol, and this, on heating with a mixture of phosphortn 
pcntachloride and phosphorous odd, gives peiyleie. 
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(ii) Perylene may be prepared by heating l:8-(ii-iodcrnaph- 
th^enc with copper powder {i^., by an UTImann synthesis ; cf. §2. ii). 



(iii) Perykne is formed when IrP-dinaphthyl is heated with 
hy^ogen fluoride under p ress ur e. 



§4d. Coronone, m-p. 430^ is a yellow lolid with a blue fluores- 
cence in benzene solution ; it has been found in coal-gas (Lindsay 
et al., 1050), It was synthesised by Scholl et al. (1032), starting 
from m-xyleno and anthraquinone-I:5-dlcarbo5iyl chloride, the 
latter behaving in the tautomeric form shown in the follo wing 
chart 
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CHAPTER XI 


STEROIDS 

51. Introduction. The steroids fonn a group of stmctaraHy 
related componnds which are widely distributed in animals and 
plants. Included in the steroids are the sterols {from which the 
nanw steroid is derived), vitamin D, the bile adds, a number of 
sex hormones, the adrenal cortex hormones, some carcinogenic 
hydrocarbons, certain sapogenins, etc. The structures of the 
steroids are based on the l:2-cych>pentenophenanthrene slceleton 
(Rosenheim and King, 1932 ; Wieland and Dane, 1932), AH the 



1 : 2*<yd0p«nt«oophenafithrene 

steroids give, among other prodncts, Diels’ hydrocarbon on dehydro- 
genation with seleninm at 350® (Diels, 1027). In fact, a steroid 
could be defined as any compound which gives Diels' hydrocarbon 
when distHled with selenium. When the distillation with seleninm 
is carried out at 420®, the steroids give mainly chrysene (§4. X) 
and a small amount of picene ($4^ X). 



chrysena ploene 


Dlela’ hydrocarbon is a solid, m.p. 120-127*. Its molecular 
formula is Cj,Hip and the results of oxidation experiments. X-ray 
4S9 
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cmtal analysis and absorption spectrum roeasorments showtd 
thit the hydrocarbon is probably 3’-methyl-l:2-0efcpeiitmo- 
phenanthrene. This structure for the compound was definttdy 
etabllshed by synthesis, e,g., that of Harper, Kon and Ru^ 
(1934) vpho used the Bogert-Cook method (§2 (vi) «. X), startag fram 
2 -(l-naphthyi)-ethylinagnesiam bromide and 2;64imethyk)ti>- 
pcntanone. 



STEROLS 

p. Sterols occur fa annual and 
crystalline compounds, and contain “ Sm the 

free or as esters of the higher fatty adfe an diolestaaol 

unsaponifiable portion of oils and fati . ^ . -tmsterol and 

and coprostanol (coprosterol) are the 'eterob that are 

stigmasterol are the prindf^ ^ant ^ aositnis. 

obtained from animal sources are often A third 

and those obtained from plant sou^ fungi. ““ 

gronp of sterols, which are obtained f^ ^ not 

to as the mtcorterel.. these 

rigid, since some sterols are obtained from 
groups. 
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§3. Cholesterol, C„H^O, m.p. 149®. This is the sterol of the 
higher animals, occurring free or as fatty esters in all animal cells, 
particularly in the brain and spinal cord. Cholesterol was first 
isolated from human gall-etones (these consist almost entirely of 
cholesterol). The main sources of cholesterol are the fish-liver oils, 
and the brain and spinal cord of cattle. Lanoline, the fat from 
wool, is a mixture of cholesteryl palmitate, stearate and oleate. 

Cholesterol is a white crystalline solid which is optically active 
(hevorotatory). Cholesterol (and other sterols) gives many colour 
reactions, e.g., 

(i) The Salkcanki readion (1909). When concentrated sulphuric 
add is added to a solution of cholesterol in chloroform, a red 
colour is produced in the chlorofonn layer. 

(H) The LiAermann-BurchsTd reaction (1885, 1890). A reddish- 
purple colour is dev’doped when a solution of cholesterol in chloro- 
form is treated with concentrated sulphuric add and acetic 
anhydride. 

\^en an ethanolic solution of cholesterol is treated with an 
ethanolic solution of digitonin (a saponin; see §10. Ui), a large 
white predpitate of cholesterol digltonide Is formed. This is a 
molecular complex containing one molecule of cholesterol and one 
of digitonin, fr^ which the components may be recovered by dis- 
solving the complex in pyridine (which l^gs about complete 
dissociation) and then adding ether (the cholesterol remains in 
solution and the digitonin is precipitated). Digltonide formation 
is used for the estimation of cholesterol. 

The stractxue of cholesterol was cluddated only after a tremendous 
amount of work was done, particularly by Wieland, Windaus and 
their co-workers (1903-1932). Only a very bare outline is given 
here, and in order to appreciate the evidence that is going to be 



described, it is necessary to have the established sliuctm e of cholo- 
terol at the beginning of our discussion. I is the structure of 
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cholesterol, and shew* the method of numbering. The molecnle 
conrisU of a ri<£c-cAatn and a nudeux v?hich i» composed of foor 
rings ; these rings arc usually designated A, B, C and D or 1, II, 
in and IV, beginning from the Bix-membered ring on the left (sec 
also iii below). It should bo noted that the nucleus contains two 
angular methyl groups, one at Cj* and the other at Cj,. 

(1) Structure ot the rlnft eystem. Under thh heading we 
sb^ deal with the nature of the ring system present in cholesterol ; 
the problem of the angular methyl groups is dealt with later (sec iv). 

usual tests for functional groups showed that cholesterol 
contains one double bond and one hydroxyl group. Now kt xb 
consider the following set of reactions. 

Cholesterol Cholcstanol Cholestanont Cholefitanc 
C„H„0 C„H„0 C„H^ C„H„ 

I n in IV 

The conversion of cholesterol into chblestanob II, shows the presence 
of one double bond in 1, and the oxidation of n to the ketoae 
cholestanone, III, shows that cholesterol h a Wfccmdary altoboL 
Chcleslane, TV, is a saturated hydiocaibon, and corresponds to the 
general fortnula and consequently is tetracyclic; thus 

cholesterol is tetracyclic. 

When cholesterol is distilled with selenium at 860*. Diels' hydro- 
carbon is obtained (see §1). The formation of this compound ccnld 
be explained by assuming that this nucleus is present in cholesteroL 
The ^eld of this hydrocarbon, however, is always poor, end other 
products are always formed at the same time, particulariy chrysene 
(see 51 ). Thus, on the baris of this dehydrog^tion, the presence 
of the cyclopcntenophenanthrene nucleus must be accepted with 
reserve, Rosenheim and (1932) thought that chrysene was 
the normal product of the selenium dehydrogenation, and so pro- 
posed (on this baris and also on some information obtained troui 
X-ray analysis work of Bemal, 1932 ; sec ^ steroidi 

contmned the chrysene skeleton, Wltldn a few months, how’er, 
Rosenheim and King (1932) modified this suggestion, as did abo 
Wleland and Dane (1932). These two groups of workers proposri 
that the eyefopentenophenanthreoe nucleus is the one present^ 
cholesterol (m., in sterdds in general). This structure fits w 
better all the evidence that hn< been obtained from a detailed 
investigation of the orida t k in products of the sterols an d bik adds. 
This structure Vum now been ccdafirmed by synthetic work, 
the symthesis of equilenin (Bachmann ei el,, 1940 ; see 
by the synthesis of cholesterol itself (sec later in this section). 
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Although an account of the oxidative degiudation of the steroids 
cannot be discussed here, the following points in this connection are 
of some interest 

(i) The nature of the«uc/«« in sterols and bile adds was shown to 
be the same, since cholanic add or af/ocholanic add is one of the 
oxidation products {see §4a for the dgnifiennee of the prefix aUo). 

(ii) The oxidation of ^e bile adds led to the formation of pro- 
ducts in which various rings \vere opened. The e-xaminatlon of these 
products showed that the positions of the hydroxyl groups were 
limited mainl y to three positions, and further work showed that the 
hydroxyl groups behav^ differently towards a given reagent, e.g., 

(a) The ease of oxidation of hydroj^l groups to keto groups by 
means of chromic add is C, > Cj* > Cj. More recently, Fonken 
d aJ. (1055) have shown that /^rt.-butyl h>'pochIoTite apparently 
oxidises the 3-OH gronp selectively to the keto group ; this reaction, 
hoTvever, failed wth cbolesteroL Snecdon ri al. {1056) have also 
shown that the 3-OH group in steroids is oxidised by oxygen- 
platinum, but not those at C. 7 or 12. 

(i) The three keto groups are not equally readily reduced to a 
methylene group (by the Qeoimcnsen reduction) or to an alcoholic 
group (by H, — platinum). The ease of reduction is Cj > > Cj,. 

This is also the order for the ease of hydrolysis or acetylation when 
these positions are occupied by hydroxyl groups (see also testos- 
terone, §13). More recently, it has been shown that the modified 
Wolff-Kishner reduction of Huang-Minlon (see Vol. I) on steroid 
ketones reduces keto groups at 3, 7, 12, 17 and 20, but not at 11. 
Another interesting point in this connection is that lithium alu- 
minium hydride, in the presence of alummium chloride, does not 
reduce unsaturated ketones to alcohols, e.g., cholest-4-cn-3-one, 
under these conditions, is reduced to choIest-3-cne (Broome d aJ., 
1050). 

Thus a knowledge of (a) and (&) enabled workers to open the 
molecule at differtnl points b>’ oxidation under the appropriate 
conditions. This led to a large variety of degradation prodnets. 
the examination of which enabled the nature of the nucleus to be 
ascertained. 

(c) Blanc’s rule was also used to determine the shes of the \’arious 
rings, but the failure of the rule in certain cases led to an erroneous 
formala ; e^., ring C was originally bcliev*cd to be fi\‘e-membered. 
Tlius Windaos and Wieland (1028) proposed the following formula 
for cholesterol, and the uncertain point (at that time) was the 
nature of the two extra carbon atoms. These rv’cre assxtmfd to 
be present as an ethyl grnnp at position 10, but Wicland d al. 
(1030) finally proved tliat there was no ethyl group at this position. 
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These two " homeless ” carbon atoms were not placed tmtil Rosen- 
heim and King first propo se d that stercdds contained the chiysenc 
nocleos and then propcsed the nodeos 

(see above). Bcmal (1932) also showed, from the X-ray analysis 
of cholesterol, ergosferal, etc., that the molecule was thin, whereas 
the above stractnre for the steroid nnclens wcrald be rather thkk. 

(!i) Poaltiona of the hydroxyl gronp and double bond. Let 
os consider the following reactions : 


Cholestanone JEIi EHcarborylic add • — ► Eeloce 
C,tH„0 C»,Hu04 C„H„0 

m V VI 


Since the dicarboxylic add V contains the same number of carbon 
atoms as the ketone (III) from which it is derived, the koto grtnp 
in HI must therefore be in a ring- Also, ainco pyrolyds of the 
dicaxboxjdic add V produces a ketone with the loss of one carben 
atom, it therefore foDows from Blanc's rale that V is either a VA- 
or l:7-dixarbaxylic arid. Now we have seen that the nockns 
contains three stT-merabered rings nnd one five-niembered nng. 
Thus the dicarboxylic add V must be obtained by the openiiig of 
ring A, B or C, and ccaisequeatly it foDows that the hydro^ group 
in cholesterol (which was converted into the keto group in choles- 
tanone ; see ^ above) is in ring A, B or C. ^ 

Actually t9o isomeric dicarboxylic adds are obtained 
cholestanone is oxidised- The f o r m ation of these two adds 
cates that the keto gro up in cholestanone is fi nnke d oi^t^ 
by a methylene gro up , t-e., the grouping — CHa*CCHIHir-- 
present in cholestanone. Examination of the reference structw 
of cholesterol shows that such on nrrangejnent is possible only 
the l^ndroxyl group is in ring A. 



|3] STEROIDS 

Now let us consider the farther set of reactions : 


43S 


Cholesterol — » Cholestanetriol Hydroxycholestanedione 
C„H..O C.,H„0, C„H„0, 

I VII vni 


CO-H,0 

(H) Xn-CII,W,H 


Cholestanedionc 

DC 


Tetracarboxyllc add 

C,,H440, 

X 


In the conversion of I into VIl, the double bond in I is hydroxy- 
Iflted, Since only two of the three hydroxyl groops in VII are 
oxidised to produce VIII, these two groups are secondary alcoholic 
groups (one of these being the secondary alcoholic group in choles- 
terol), and the third, being resistant to oxidation, is probably a 
tertiary alcoholic group, E^ydration of VID (by heating in vacuo) 
and sobsequent reduction of the double bond form s IX, and this, 
on oxidation, gives a tetracarboxylic add mthoui loss of cajhon 
aioms. Thus the two keto groups in DC must be in different rings ; 
had they been in the tame ring, then carbon would have been lost 
and X not obtained. It therefore follows that the hydroxyl group 
and double bond in cholesterol must be in different rings. Further- 
more, since DC forms a pyridarine derivative with hydrazine, DC 
is a y-diketone. Since we have already tentatively placed the 
hydroxyi group in ring A, the above reactions can be readily ex- 
plained if we place the hydroxyl group at position 3, and the double 
bond between 5 and 0. In the following equations only rings A 
and B are drawn ; this is an accepted convention of focusing 
attention on any part of the steroid molecule that is under considera- 
tion (also note that full lines represent groups lying above the plane, 
and broken lines groups lyin g below the plane ; see also §§4, 4a, 4b). 
NoUer (1930) has shown that the pyrida^e derivative is a polymer, 
and so the interpretation that IX is a y-diketone is rendered uncer- 
tain. Supporting evidence, however, for the above inter p retation 
is aSorded by the fact that when cholesterol is heated with copper 
oxide at 200*, cholestenone, XI, b produced, and thb on oxidation 
with permanganate, forms a keto-add, XIT, with the loss of one 
carbon atom. The formation of XII indicates that the keto group 
and the double bond in cholestenone are in the tame ring. The 
ultraviolet absorption spectrum of cholestenone shows that the keto 
group and the double bond are conjugated (Menschick ri al., 1032). 
These results can be explained if we assume that the double bond 
in cholesterol migrates in the formation of cholestenone, the simplest 
explanation being that the hj-tiroxyl group b in position 3 and the 
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double bond between 0 and 0, position C hang common to ioti 
rings A and B. Thus : 



I XI xn 


The position of the hydroxyl group at position 3 is definitely 
proved by the experiments of Kon ci (1037, 1030). These anthors 
reduced cholesterol, I, to diolestanol, II, oxidised this to cbote- 
tonone, III, treated with njetbjdmagnesinin iodide and 
drogenated the product, a tertiaiy alcohol, XIG, to 3 ': 7 -dinieth 3 d- 
cyctopentenophenanthrene, XIV, 1^ means of selcniam. The 
structure of XTV was proved by synthesis, and so the reaefaow 
may be formulated ns follows, with the hydroxyl at pos3ti£» ** 
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It might be noted, here that the orientation of the two hydroxyl 
gnraps (introdaced across the double bond in cholesterol) depends 
on the nature of the reagent used. With hydrogen peroxide, or 
via the oxide, the choleatanetriol is ; wi^ potassittm 

permanganate or osmium tetroiide, the product is rw-6:6 (Vila ; 
ef. §6a. rV). 



Vila 


(iii) Nature and position of the slde-chaln. Acetylation of 
^^i*oie»terol prodnces cholesteryl acetate and this, on oxidation with 
chromium trioxide, forms a steam-volatile ketone and the Eicetate 
of a hydroxyketone (which is not steam volatile). The ketone was 
•hown to be wohexyl methyl ketooe, CH,*C(>(CHj),CH(CHj)^ 
Thus this ketone is the ade-chain of cholesterol, the point of 
attachment of the side-chain being at the carbon of the keto group. 
These results do not show where the aide-chain is attached to the 
nucleus of cholesterol, but if we accept that the position is at 17, 
then we may formulate the reactions os follows : 



The nature of the side-chaia has also been sht^ 
cation of the Baibicr-Wieland degradation. Since . ^ 
also leads to evidence that shows i»AicA ring of the 
to the side-chain, we shall ccoislder the problem of the na 

side-ch^ again. , ,i H-cmrHne 

The Barbier-Wieland degradation oSep a ol ^ steppui® 

down " an acid one carbon atom at a tune as follows . 

R<H,-CO,H^^R-CH,-CO,CH,S5i^S- ^ 

R-CH,-C{OH)(C,H,),^ R’CH=C(C.HJj^^ 

R'CO.H + (C,H,)|W 
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Ueibyimagnesrnin bromide may be used instead of phenylmag- 
nesrum bromide, and the alcohol so obtained may be directly 
oxidhed : 


R*CH,-C(OH)(CH,), R-COtH + (CH,),CO 

In the following account, only phenylmagnearam bromide will be 
med to demonatrato the application of the method to the steroids. 

Cholesterol was first converted into coprostane (a stereoisomer 
of cholestaue ; see §J4, 4a). If we represent the nucleus of c opro - 
ftanc as Ar, and the side-chain as C,^, then we may formulate the 
degradation of coprostane as foDows (B-W represents a Barbier- 
Wfeland degradation) : 

Coprostane CHi*CO*CHj + Cholanic add 
At — At — 

(C*H,),CO 4* NorcholanJc add — 

At— 

(C|H|)iCO + Bisnorcholanic add 
At — C,_ e 

(C,HJ,CO + ^docholyl methyl ketone . Etianic add 
At — At — C.«7 


The fonnation of acetone from coprostane indicates that the side- 
chaln terminates in an wopropyl group. The exmversion of bis- 
norcholanic add into a ketone shows that there is an alkyl group 
on the a-caibon atom in the former compound. Furthermore, 
*hic8 the ketone is oxidised to etianic add (formerly known as 
*tiocholanic add) with the loss of one carbon atom, the ketone 
mtat be a methyl ketone, and so the alkyl group on the a-carbon 
•tra in bisnorcholanic add is a methyl group. 

Now the carboxyl gr oup in etianic add is directly attached to 
nucleus ; this is shown by the following fact. When etianic 
is subjected to one more Barbler-Wieland degradation, a 
xetme, etiocholanone, is obtained and thw, on oxidation with 
fric odd, gives a dicarboxylic add, letiobilianic add, tn'iMoui loss 
carium atoms. Thus retiocholanone must be a cyxlie ketone, 
■ , ^ it follows that there are eight carbon atoms in the side-chain, 
.®ust have the following structure in order to accoimt for tho 
<legradation3 (see also the end of this section iH) : 
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In addition to tbo Baibler-Wloland degradatioo, thcro aro tlu mort 
r em it methods for degmding the ride^hain : 

(I) Gallagher tl al, (1948) have Introdnced a method to dimhate 
tm> carbon atoms at a time: 

(Ofioa, 

ArCHUe-CH,*CH,*CO,H ► ArCHMo4:H,-CH,*COCHN, 

ua So 

— >■ ArCHMo^M.-CH.-CO-CHja >- ArCaOIoKIH.-CH.-CCKH, 

l«OII 

”?*-)■ Ai-CHMrCH=CH’COCH, ArCHlIrKX>,H 

(U) Mieschcr tl oS. (1944) have Introdnced a method to eiinrioate 
thru carbon atoms at a time: 


tFhMgSi 

ArCHMe-CH, <14, *00,110 ► Ar<31IrCH, -OH, *0(011)1%, 

ArCHMe*CH,<:H==CPb, ArCHUeCHBrCHsCPb, 

ftneiaJnlilU 


► ArCOlIo 


-imr 

► Ar<Me==CH*CH==CPh, ► 

The problem now is ; Where is the position of this side-ch^ ? 
This is partly answered by the following observation. The 
boxylic add, eetiobiUanic add, forms on anhydride when b^ 
with acetic anhydride. Thus the ketone (atiocholanoM) 
ably a five-membered ring ketone (In accordance with 
role), and therefore the ride-cbaln is attached to the five-rQcinbcr» 
ring D. The actual point of attachment to this lii^ 
not shown by this work. The forroation of Dieb 
(|1) from cholesterol suggests that the side-diain la at ’ 

since selenium dehydrogenations may degrade a ^ 

methyl group (see §2 viL X). Position 17 is also 
evidence obtained from X-ray photographs and surface film 
ments. Finally, the following chcmic^ evidence may be a 
show that the position of the aide-chain is 17. As we 
above, cholanic add may be obtained by the oxi<^tion o 
stane. Cholanic add may also be obtained by the oio 
deoxycholic add (a bile add ; see §8) followed by a 
reduction. Thus th e aide-clmlns in cholesterol and deoxyco 
add ore in the same positioa. Now deoxycholic add c^^ 
converted into 12-ketocholanic add which, on beating to » 
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\rater and carbon dioxide to form dehiTlronoTcbolene (\MeIand 
et al., 1930). This, when distilled with selenium, forms 20-methyI- 
cholanthrene, the stm ctor e of which is indicated by its oxidation 
to t5:6-diraethyl-l:2>benzanthraqtunone which, in tom, gives on 
further oxidation, anthraquinone-l:2J5:6-tetracarboiylic add (Cook, 
1033). Finally, the str u c tur e of 20-methylcholanthrcne has been 
confirmed by sjTithesis (Fieser et ai., 1935 ; see §3£. X). The 
foregoing facts can be explained onty if the side-chain in cholesterol 
is in position 17 ; thus : 




It should be noted that the isolation of methylcholanthrene affords 
additional evidence for the presence of the (^tiopentenophenanthrene 
nudeus in cholesteroL 

Thos, now that we know the nature and position of the side- 
chain, wo can formulate the conversion of coprostane into ictio- 
biltnoic add as follows : 
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ooproeUno choUnio add 



add 


keUine 



etUnJe odd 



CDtloebolaaooe cUciifllanlo add 


A point of interest in this connection is <^pt when the anbydridfl 
of eetiobilianic odd is distilled with BeleniniD, liS-dlmethyipbcnan’ 
threne is obtained (Butenandt al., 1033). This also pfovido 
proof for the presence of the pbenanthrene nudens in chdesterol. 
and also evidence for the poeitioD of the Cj, methyl groop 

(see iv). 



XV XVI 

(Iv) Position* of the two angular methyl groups- The 
cy^^hpentenophenanthrene xnicleu* of cholesterol accounts for 
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seventeen carbon atoms, and the dde-chain for eight. Thus twenty- 
five carbon atoms in all have been accounted for, but since the 
molecular formula of cholestenfi is Ct 7 H 4 , 0 , two more carbon 
atoms must be fitted into the structure. These two carbon atoms 
have been shown to be angular methyl groups. 

In elucidating the positions of the hydroxyl group and double 
bond, one of the compounds obtained was the keto-edd XII. 
This compound, when subjected to the Qemmensen reduction and 
followed by two Barbier-Wieland degradations, gives an add 
which is very difficult to esterify, and evolves carbon monoxide 
when warmed with concentrated sulphuric add (Tschesche, 1932). 
Since these reactions arc charactei^c of an add exmtaining a 
carboxyl group attached to a tertiary carbon atom (c/. abietic add, 
531. VTU), the side-chain in XII must be of the type 


0 0 
0_Ai4_C-00,H — V 0-|!-00,H 

Thus there must be an alkyl group at positiem 10 in XXL This 
could be an ethyl g r oup (as originally believed by \Vindaus and 
\\leland) or a methyl group, provided that in the latter case the 
second “ mining " carbon atom can be accounted for. As ^ve shaTI 
see later, there is also a methyl group at position 13, and so the 
alkyl group at position 10 must be a methyl group. On this basis, 
the degradation of XII may bo formulated : 



xn 


The position of the other angular methyl group is indicated by 
the following evidence. When cholesterol is distilled with selenium, 
ciiry*ene is obtained as well as Diels’ hydrocarbon (see §1). How, 
then, is the former produced if the latter is the ring skeleton of 
cholesterol ? One possible explanation is that there is an ang iiln r 
methyl group at position 13, and on selenium dehydrogenation, this 
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methyl group enters the five-membered ring D to form a sii- 
membered ring ; thus : 


cholcBterol 



This evidence, however, is not conclusive, since ring expanskm 
could have taken place had the angular methyl gnmp been at 
position 14. Further support for the positions of the two angular 
methyl groups is given by tlie following degradative experiments 
CNVieland d oX., 1024, 1028, 1033). 




deaxybUianlo add 


pyrodeoxybflianlo add 
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XVII was shown to be butone-2:2;4-tricarboxylJc add ; thus 
there is a methyl group at position 10. XVIII was sho\TO to be a 
tetracarboiylic add containing a <yctepentane ring with a side- 
chain —<2H{CHj3-CH,*CH|‘CO|H. Thus this compoond is derived 
Irom ring D. XX was oIm shown to be a tricarboxylic add con- 
taining a iycIopcntm}e ring. Furthennore. one carboxyl gronp in 
XX was shown to be attached to a tertiary carbon atom, and so it 
follows that there is a methyl group at 13 or 14. XX was then 
thcmn to have the irafu configuration, f>., the two carboxyl groups 
are trans. Thus its pr e c ur sor XIX must have its two rings in the 
frans configuration (the methyl group and hydrogen atom at the 
junction of the rings are thus (rans). Theoretical considerations 
of the strain involved in the as- and trans-fonm of XIX suggest 
that the di-form of XIX would ba\'e been obtained had the methyl 
group been at position 14. Thus the position of this angular methyl 
group appears (from this evidence) to be at 13, and this is support^ 
by the fact that rctiobilianic add (X.V, section iii) gives 1:2- 
dnnethjdphcuanthrenc (XVI) on dehydrogenation with selenium. 
Had the angular methyl group been at position 14, 1-mcthylphcnan- 
thrcnc woxdd most lUcely have been obtained. 

, ('’) Synthesis of cholesterol. Two groups of wt)rkcrs. 
Sir R, Robinson rt of. (1051) and Woodward rl al. (1051), 
hax-e sjTithesiscd cliolcstcroL One of llic outstanding difTicuHies 
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in the synthesis of steroids is the stereochemical problem. The 
cholesterol nucleus contains dght asymmetric carbon atoms and 
so 250 optical isomers arc posnbk (sec also §4 for further detaib). 
Thus every step in the synthesis which produced a new asymmetric 
carbon atom had to res^t in the formation of some {the more the 
better) of the desired stereoisomer, and at the «!amft rKolutioo 
of racemic modifications also hzd to be practicable. Another diffi- 
culty was attacking a particular point in the molecule without 
affecting other parts. This problem led to the devdopntent of 
specific reagents. The following is an outline of the Woodward 
synthesis. 4-Methoxy-2:5-toluqQinone, XXI, was prepared from 
2-methoxy-^>-cresol as follows : 




XXI 

XXI was condensed with butadicno (Diels-Aldcr reaction) to ^ve 
XXII. This had the eis configuration and was isomerised (quantita- 
tively) to the Irons isomer XXITI by dteolving in.aqueous 
adding a seed crystal of the Irons form, and then acidifying. 
on reduction with lithium aluminium hydride, gave the ^7^ 
XXIV, and this, on treatment with agneous add, gave XXV. 
Conversion of XXV to XXVI by removal of the hydroxyl ^oup 
was carried out by a new technique ; XXV was acetyiated 
product, the ketol acetate, was heated with tine in acetic an^d)^ 
to give XXVI (reduction with metal and add usually 
cc^unsatmuted bonds in ketones). XXVI, on trwtment wi 
cttyl formate in the presence of sodium methojdde, 6®^'* 
hydroxymethylene ketone XXVH (Oalsen condensation). When 
this was treated with ethyl vinyl ketone in the presence of 
sium fert.-butotide, XXVIU was formed (Mk^ 

The object of the double bond in the ketone ring ia XXVI 
prevent formylation occurring on that side of the keto group, 
the purpose of the formjd group is to produce an ^ 

group (this is now flanked on both sides by carbonyl groups). 
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necessity for this " activation ” lies In the fact that ethyl vinyl 
ketone tends to self-condense, and consequently decrease the yield 
of XXVIII. XXVni was now cyclised (quantitatively) by means 
of potassium hydroxide in aqneoos dioxan to the single prodnct 
XXIX. This is the desired compound ; the other possible isomer 
(XXIX with the two hydrogens cis instead of irans as shown) is 
not formed since the cit isomer is less stable than the trans. XXIX 
was th e n treated with osmium tetroxide to give two cii-glyools of 
structure XXX. These were separated, and the desired isomer 
(the one insoluble in benzene) was treated with acetone in the 
presence of anhydrous copper sulphate to give the tsopropylidene 
derivative XXXI. This, on catalytic reduction (H, — Pd/SrCO^ 
gave XXXII which was conden^ with ethyl formate in the 
presence of sodhrm methoiide to give XXXIII, and this was then 
converted into XXXTV by means of methylaniline. The purpose 
of this treatment was to block imdesired condensation reactions 
on this side of the keto group (at this position 3). When XXXTV 
was condensed with vinyl cyanide (cyanoethylatlon) and the pro- 
duct hydrolysed with [alkah, the product was a mixture of two 
keto adds. These were separated and the stereoisomer XXXV 
(methyl group in front and propionic add group behind the plane 
of the rings) was converted into the enol lactone XXXVI which, 
on treatment with methyimagnesium bromide, gave XXXVIT, and 
this, on ring dosure by means of alkali, gave XXXVIIL '^en 
this was oxidised with periodic add in aqueous dioxan, the di- 
aldehyde XXXIX was obtained, and this, when heated In benzene 
solution in the presence of a small amount of piperidine acetate, 
gave XL (and a small amount of an isomer). This ketoaJdehyde 
was oxidifKd to the corresponding add which was then converted 
into the methyl ester XLI with diazometbane. XLI, a racemate, 
was resolved by reduction of the keto group with sodium boro- 
hydride to the hydroxy esters [(±)-3i- and {±)-3^]. The (-f-)-form 
of the 3^-alcohol was preferentially precipitated by digitonin, and 
this stereoisomer was now oxidised (Oppenauer oxidation) to give 
the desired stereoisomer (4*)-XLI. This was catalytically redneed 
(Hf— Pt) to XLII, which was then oxidised to XLIII which was 
a mixture of stereoisomers (from the mi xtur e of XLII ; H at 17 
behind and in front). These were separated, reduced (sodium 
boTohydride), and hydrolysed. The ^isomer, XLIV, was con- 
verted into the methyl ketone by first acetylatlng, then treating 
with thlonyl chloride and finally with dimethylcadmiam. This 
acctylated hydroxyketone, XLV, on treatment with iiohcxyl- 
magnesium bromide, gave XL^^. This was a mixture of isomers 
(a new asymmetric carbon has been introduced at position 20). 
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XLVI, on dehydration, gave one product, XLVII, and this, on 
catalytic hydrc^enation (H, — ^Pt), gave a mixture of cholestimyl 
acetates (the asjTumetric C,, has been re-introduced). These 
acetates were separated and the desired isomer, on hydrolysis, 
gave cholestanol, XLVHI, which was identical with natural chofe- 
stanoL The conversion of cholestanol into cholesterol, T.TTT , n 
then carried out by a series of reactions introduced by various 
workers : XLVHI to XLIX {Bmce, IWS) ; XLIX to L (Butesiandt 
et al., 19M) ; L to LI (Ruricka, 1938) ; LI to LI I (Westphal, 
1937) ; LII to LUI (Dauben d al., 1950). 
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XXXVI 


xxxvn 







ui Lin 


§4. St^eochomlstry of the otcrolds. If we eramme the 
folly Mttiratcd sterol, we find that there arc ei^t dissimilar asym- 
metric carbon atoms in the nucleus (3, 6, 8, 0, 10, 13, U and IT}- 
Thtts there are 2* •* 266 optical aomers possible. If we abo 
include the asymmetric carbon atom in the ride-chain (20), then 
there exe 612 optical isomers possible. 



The stereoisomerism of the stcroida is conveniently 
two types, one dealing with the way in which the rings 
together, and the other with the configurations of substituent 
groups, porticalarly those at C» and Cjv 
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§4a. Conflfiurtition of the nndeuB. There are six asymmetric 
carbon atoms in the nndens (5, B, 9, 10, 13 and 14), and therefore 
there are 2* 64 optically active forms possible. X-ray analysis 

has shown that the steroid raolecnle is long and thin, ix,, the mole- 
cnle is essentially flat (Bemal, 1032). This is only possible if rings 
B and C are fused toother in a trans manner {cf. /rtfnj-decalln, 
§11 vil rV); rings A/B and C/D could be or trans. It has 
been foimd that ^ naturally occurring saturated steroids, except 
those of the heart poisons, belong either to the choUstane serus or to 
the coproitaw series ; in the former the rings A/B are trans, and 
in the latter ds, the rings B/C and C/D being trans in both series. 
By convention a full line represents gronps above the plane of the 
molecule, and a dotted (or broken) line represents groups below 
the plane (see also §11 viL IV for conventions). Fnrthenuore, 
ly convention, the methyl group at Cj, In eholestane has been placed 
above the plane of the molecule, and therefore this leads to four 
pc«sjhle stereoisomers for choleatane (l-TV). X-ray analysis has 



shown that the hydrogen atom at C» is Irons to the methyl group at 
Cjj (Bemal rt al. 1940), and this conclusion is supported by chemical 
evidence. Thus cbolestane must be I or ITL Further chemical 
work has shown that the raethji groups at C,, and C„ are cis, and 
so cholestane is I, and consequently coprostane is also I, except 
that in this case the hydrogen atom at C, b above the plane (rings 
A/B are eis in coprostane). The final point to be settled in con- 
nection with thb problem of the configuration of cholestane b the 



454 


ORGANIC CHEICSTKY 


[CBL XI 

orientation of the side-chain R at Chemical evidence and 
X-ray analyiis stndies have shown that this side-chain is aberot 
the plane of the molecule (i^., dt with respect to the two angular 
methyl gronps). Thus cholestane and coprostano are: 



Choleatane 
A/B Irani 
B/C trwa 
C/D tram 
aiio series 


Coprmtane 
A/B cis 
B/C irow 
C/D irxtm 
ponnal series 


Compormds derived from cholestane are known as the oJlo- 
compoonda, the prefix aJh being reserved to indicate this con- 
figuration at C,. Compoonds derived from coprostane are known 
as the normaf-compounds, but it shonld be noted that it is not 
customary to prefix compounds of this series by the word normal, 
aZ/txiholaiiic add can bo derived from cholestane, whereas 
cholanic add can be derived from coprostane. 

§4b. Conflgoratloiis of substitaent groups. The confignra- 
tion of the side^hain at has already been mentioned above. 
The only other configuration that vre Shull disenss here is that of 
the hydroxyl group at By conv«niion, the hydroxyl at C, in 
cholestanol (and cholesterol) is tglfyn as being above the plane 
of the ring, ix., the hyd r o xy l group is taken as being in the at 
position with respect to the methyl group at Ci*. This configura- 
tion occurs in afl natitral sterols, and gives rise to the p-aeries, 
the prefix ^ alwaj^ indicating that the snbstitnent group lies above 
the plane of the molecule. When the hydroxyl group lies below the 
plnnw, the compounds are to beltmg to the a- or epi aeries J 
the prefix epi indicates the epimer due to the Inversion of the 
configuration of 

X-ray analysis stndies have shown that the hydroxyl group in 
cholesterol is above the plane of the molecule, ix., it fa cm to the 
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methyl group at Cj*. This has been confirmed by chemical evidence 
(Shoppec, 1947). 

The assignment of the confi^nrations of and C^, in steroid 
alcohols has been determined by Prclog ei al. (1953) by arguments 
based on asymmetric syntheses (see §7. ETI). It has been shmvn 
that the configuration of the hydroxyl group in, e.g., cholestan-Tcc-ol 
and androeten-n^-ol is in agreement with the accepted conven- 
tional steroid formula. 

XTfn< (1952) has also correlated the configurations of steroids with 
glyceraldehyde. This author collected the molecular optical rota- 
tions of a number of pairs of epimcric <ytJohex-2-enols and their 
esters, and on the assumption that the configurations given (in 
the literature) were correct. Miles showed that the alcohol repre- 
sented as I is more hevorotatory than its epdmer IL The differences 
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in rotation are large, and are increased on esterificaticnL Mills 
then applied this rule to seven known pain of epimcric, allyllc 
steroid alcohols, and found that the differences were those which 
may be predicted on the basis that the conventional steroid for- 
muLe represent the absolute configurations. Thus the configura- 
tion of the 3/3'hydroxyl group in cboksterol corresponds to that 
of D(-f-)-glyceraIdehyde. 

These stereochemical relationships of steroids to D(-f)'gl 3 ;ccr- 
aldehyde have now been proved by the degradation of cholerterol 
to derivative* of (4-)'CitroaeIIaI ({23e. VIII], fa which the only 
asymmetric carbon atom is the of the steroid (Comforth et al., 
1954 ; Rintker ei aJ., 1054). Thus the arbitrary choice of plaring 
the angular methyl groups above the plane in the cholesterol 
nucleus (<>., the ^Kxmfiguration) has proved to be the absolute 
configuration. Furthermore, since the configuration of the 3- 
hydroxyi group in cholesterol is fi, this configuration is also the 
absolute one. 

The use of optical rotations to determine structure and configura- 
tion in steroid chemistry was begun by Callow ei el. (1930) who 
obsei^Td that all natural iteroids with a OriWonble bond are Iffivo- 
rotatory. These authors also observed that in sterols, bile adds 
and ondrostane compounds, inversion at Cj from the <?- to the 
a-configraution usually produces a allghtly increased dextrorotation. 
A* pointed out above, this approach has been used by l^nn« 
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Barton (1&44-) has also applied the method of optical rotations 
to steroid chemistry^ and Im called his treatment the Method of 
Molecnlar Rotation Differences (this is a modification of the Rule 
of Shift, }12. I). The basis of this method is that the mrJw»n| ftr 
rotation of any steroid is considered as the stim of the rotation of 
the fundamental structure (which is the parent hydrocarbon cbole- 
stane, androstane, or pregnane) and the rotations contributed by 
the functional groups (these ore caDed the A values). The A value 
of a given g roup is a characteristic of its position and orientation, 
and the A values of different groups are independent of one another 
provided that unsatnrated groups are not present, ix., conjagatkm 
is absent, or that the groups are not too close together, ix., are 
separated by 3 or 4 saturated carbon atoms. In this way it has 
possible to assign configmations and also the positions of 
double bonds. 

54c^ The preparation of the “ atanols The catalytic 
hydrt^fcnation (platimim) of cholesterol (cholest«fi^-3^-oI) pro- 
duces only cholestanol (cholcstan-S^-cJ). On the other band, 
oxidation of cholestanol with chromium trioxide in acetic acid 
gives cholestanone and tins, on catalytic redaction in neviral 
solution, gives mainly cholestanol, whei^ catalytic redoctios in 
add solution gives mainly epkhobsstanol (chole5tan-3a>ol). 
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The comsponding C, epfaiera, coprostanol (coprostan-3^-oI) end 
eplcopratanol (coprorta5i-3a-al). may he prepared from cholesterol 
as follows, the first step being the convetiion of cholesterol into 
choleit-4-en-3-one by means of the Oppenauer oiidatioD (altuninhun 
tfri.~ bntoiide in acetone ; see also VoL I). 


.jCO 

cbolttterol cboJetM-cn-S^iw coproitaiiono 



e pi co p rortanol 


A detailed study of the catalytic reduction of the decalones haa 
shown that in an add medium the product is usualty the cis- 
compound, whereas in a neutral or alkaline medium the product is 
usually the tnj»r-campomid (von Auwers, 1920 ; Skita, 1920). 
This prindple, which is known as the Awen-Skita rule of catalyiic 
hydrogenaiion, was used by Runcka (1934) to detennine the coH' 
figurations of the above " stanols The configurations assigned 
ha\*e been supported by measarement of the rates of l^^drolysis of 
the acetates of the various “stanols '* (Ruricka d al., 1038). The 
acetates of diolestanol and epicoprostanol are hydrolysed much 
faster than those of cpicholestanol and coprostanol (see |4<I). 

Now let us consider the configuration at C,. The results of 
experiments on the catalytic hydrogenation of substituted cycl<h 
bexanones and substituted phenob have led to the generalisation 
that the initial addition is eU, and occurs on the more 
side of the double bond (Pepplatt et al., 1056 ; A\1cker, 1056). In 
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accordancft with this generalisation, it has been found that whai 
saturated steroids of the A/B-cm- and the A/E-irans- seria are 
produced by catalytic hydrogenation of 3a-subkituted A‘-steroids, 
then the larger the azt of the 3a-^ubstituent, the larger is the pro- 
portion of the A/B-cis-steroid ; in some cases, this os-steroid is 
apparently formM exclusively (Shoppee ei al,, 1066). 

§4d. Conformational analysis of steroids. The Anwers-Sldta 
rule of catalytic hydrogenation (54c) cannot be used with certainty 
since, as pointed out, the product is nxuaUy mainly oi or trans 
according to the conditions, and hence the exceptions can only be 
ascertained as such by other evidence. Barton (1963) has restated 
this Auwers-Skita rule of catalytic l^drogenatlon as follows : 
Catalytic hydrogenation of ketoi^ in strongly add media (rapid 
hydrogenation) produces the axial hydroxyl compound, whereas 
hydrogenation in neutral media (slow hydn^onatlon) produces the 
equatorial alcohol if the ketone is unhindered or the ftTial alcohol 
if the ketone is veiy much hindered. 

AE the evidence obtained has shown that aH the cydohexane 
rings in the steroid nuclcns are chair forms ; thus I is cholestane, 
and II is coprostane. 



The efiect of conformation on the course and rate of reactions has 
been discussed in §12. IV. The following is a summary of the 
generaHsations that have been formulated : 

(1) Equatorial groups are normally more stable th an aiiaL Thus, 
wi^ a (poly^rchc) secondary alcohol Is equilibrated with al kali , 
it is the equatorial isomer that predom inat es in the product. 
Similarly, when a (polycyclic) ketone is reduced with sodium and 
ethanol, the predominant isomer in the product is the equatorial 
alcohol (the more stable form). Furthermore, because of the 
rigidity of the system (which prevents intcrconvcraion of chair 
forms), the stable configurations of hydroxyl groups at d iff e r ent 
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positions in the cholestane series will be as shown in III (compare 
this with I). 



m 


The following are examples of eqofllbnitJon (nsin^ soditim ethoxide 
at 180*) : 

Cholertanol Coprtwtanol 

EpicholesCinol Pa(«ll Epkoprostanol (!*(#)] 

(ii) Equatorial hydroxyl and carboxyl groups are estcrified more 
rapidly than the corresponding axial groups. Similariy, hydrolysis 
of equatorial esters arxi acyJoxy group* is more rapid than for the 
corresponding axial isomers. These prindplo explain Ruzicka’s 
results on the " stanols " (J4c) ; In the acetates of cbolestanol and 
cpiooprostanol, the occtoxy groups ore equatorial, whereas in the 
acetates of epicholcstanol and coprostaned these groups are axial 
and therefore subject to l:3-interaction5. Hence the former pair 
arc hj’drol^'scd more rapidly than the latter pair. 

Empirical methods, using infra-red spectra, havT been de^Tloped 
b>’ Jones d ai. (1051, 1952) for determining the conformation of 
3-h>'drox>' (and 3-acetax}’) steroids ; characteristic bands are given 
by the axial and equatorial groups. 

(lii) Socondar)* axial alcohols arc more rapidly o.xidised by chromic 
acid (or h^pobromous add) than scomdarj' equatorial alcohols. 
Schrdber rt al. (1055) ha^•c shown that the more hindered the 
alcohol, the faster is the oxidation (with chromic add). 

(iv) Bimolccular ionic dimlnatlon reactions occur readily when 
(he two groups (which arc eliminated) are /rani-diaxiaJ, and less 
readily when /ranr-diequatorial or m-axial : equatorial. 

(v) Epoxides arc attacked by, e.g., b>-drogcn bromide, to give 
the /ranr-diaxial compound. Reduction with hthium aluminium 
h>*tWde or calal>'tic h>'drogcnaUon com*crts epoxides into (he 
lij-drpx^' compound. 
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§5. Ergosterol, C,|,H 440 , nLp. 163*, occurs in yeast Ergosterd 
forms esters, e^., an acetate with acetic anhydride ; thus there is a 
hydroxyl group present in er g os t eroL Catalytic hydrogenation 
(platinum) of ergosterol produces ergostanol, ; thus there 

arc three doable bonds in crgosteroL When ergostanol Is acety- 
lated and the product then oxidised, the acetate of 3ff- hy d roxy - 
nomiZocholanic add, I, is obtained (Fernholz d al., 1934). The 
identity of I is established by the fact that cholestanyl acetate, 11 
(a compound of known structure), gives, on coddatian, the acetate 
of 3^hydro:^alZocholanic add. III, and this, after one Barbier^ 
Wieland degradation iii), gives I ; thns : 





Thns ergostanol and cholestanol have identical nndd, the same 
position of the hydroxyl grou p and the same position of the side- 
rhflin. The onty difierence must be the lUditTs of the side-chain, 
and hence it follows that ergosterol contains one more carbon atom 
in its aide-chain • than cholesterol (the former compound is C^tHnO 
and the latter C„H„0). Oronolysfa of ergosterol gives, amo^ 
other products, methyh’sopn^lacetaldehyde, IV. This can m 
accounted for if the side-cham of ergosterol is as shown in V 
(Windans d al,, 1032). 
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OHO 

I 

OH*CIH(OHJ, 

CHj 

IV 


On tills basis, the oxidation of crgostanyl acetate to the acetate of 
S^hydroxynoroffocholanic add, I, is rcaddy explained. 



We have now accounted for aD the stmctural features of ergo- 
ffterol except the positians of the three double bonds. The position 
of one of these is actually shown in the above account ; it is C,, — 

The ride-chain must contain only one double bond, since if more 
than one were present, more than one fragment (IV) would have 
been removed on otonolysis. Thus the other two double bonds 
most be in the nucleus. When heated with maleic anhydride at 
135®, eigosterol fonns an adduct, and so it follows that the two 
double bonds (in the nucleus) are ccajjugated (Windaus et al., 1031). 
Now ergosteroi has an absorption maximum at 2,S10 A. Conjugated 
acydic dienes absorb in the region of 2,200-2,600 A but if the 
dhme is in a rin^ system, then the absorption is shifted to the region 
2,600-2,000 A Thus the two double bonds in the nucleus of ergo- 
sterol are in tme of the rings (Bfrnroth d ai., 1036). When ergosterol 
is subjected to the Oppenaner oxidation (ahmiimnm tert-butoxlde 
and acetone), the product is an oc^unsaturated ketone (as shown 
from Its absorption spectmm). This can only be explained by 
assuming that one of the double bonds is in the 6:6-poritk>n, and 
moves to the 4;6-position during the oxidation (c/. cholesterol, 
§3 ii). The othca- double bond is therefore 7:8 in order to be 
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conjugated with the one that Js 6:6. Thus the conjugated system 
is In ring B and the oxidation is explained as follows : 




§6. Vitamin D. This vitamin is the antirachitic vitamin ; it Is 
essential for bone fonnatlon, its function being the control of rglrinm 
and phosphorus metabolism. 

Steenboclc et al. (1024) showed ^t when various foods were 
irradiated with ultraviolet U^t, they acquired antirachitic proper- 
ties. This was then followed by the discovery that the active 
compound was In the unsaponlhable fraction (the sterol fraction). 
At first it was believed that the precursor of the active compound 
was cholesterol, but subsequently the precursor was shown to bo 
some '* impurity " that was in the cholesterol fraction {$,§,, by 
Hcilbrcm af., 1920). The ultraviolet absorption spectrum of this 
“ impure cholesterol " Indicated the presence of a small amount of 
some substance that was more unsaturated than cholesteroL This 
led to the suggestion that erg o s t er ol was the provitamin D in the 
" impure cholesterol ", and the investigation of the effect of ultra- 
violet light on ergosterol resulted in the isolation from the irradiated 
product of a com p ound which had very strong antirachitic proper- 
ties. This compound was named calciferol by the Medical 
Research Council (1931), and vitamin by Wlndata (1931), 
This potent crystalline compound, however, was subsequently 
shown to be a molecular compound of calciferol and luroisterol 
(one molecule of each). Wlndaus (1032) therefore renamed the 
pure potent compound as vitamin D^, but the M.R,C. retained 
the original nam e caldferoL The Chemical Society (1961) has 
proposed the ngi ru i ergocaldfcrol for this pure compound- 
When Irradiated with ultraviolet light, ergosterol undergoes a 
number of changes, which are as follows : 

Ergosterol -iV Lumisterol — ^ Tachysterol 
Ergocaldferol — ^ Suprasterols I and II 
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Only ergocaldfcrol has antirachitic activity. The changes that take 
place during the irradiation appear to auffect only ring B and the 
angular methyl group at Cjo (the atracture of tachysterol is imcer- 
tain, and the structures of the suprasterols more uncertain). The 
following chart shows the changes that are believed to occur; 



ergosterol lumlaterol tachysterol wgocaldfarol 


§ 6 a. Ergocaldferol (calciferol, vitamin DJ is an optically 
active crystalline solid, imp. 115-117“. Its molecular formula is 
CMH 44 O, and since it forms estem, the oxygen is present as a 
hydroxyl group. Furthennore, since ergocalciferol gives a ketone 
on oxidation, this hydroxyl group la a secondary alcoholic group. 
Owmolyris of ergocaldfcrol produces, among other products, metbyl- 
uopropylacetaldehyde. Thus the side-chain in eigocaldferol is the 
same os that in ergosteroL Catalytic hydrogenation co nv er ts 
ergocalciferol into the fully saturated compound octahydroergo- 
calciferol, CbHj, 0. This ^ows that there are four double bonds 
present, and since one is in the ride-chain, three are therefore in 
the nucleus. The parent hydrocarbon of ergocalciferol is 
and since this cotrespemds to the general formula the 

molecule therefore is Iricydic, Furthermore, ergocalciferol does not 
gi\'C Diels' hydrocarbon when distilled with selenium. These facts 
indicate that eigocaldferol does not contain the four-ring system of 
eigost er oL The problem is thus to ascertain which of the rings In 
ergosterol has bcCT opened in the formatlou of ergocaldferoL The 
following reactions of ergocaldfcrol are readily explained on the 
assumption that its structure is I. The absorption spectrum of the 
scmicarbazone of II (C^HjtO) was shown to be characteristic of 
a:^unsatuiated aldehydes. The absence of the hydroxyl group 
and the carbon content of 11 indicate the abunct of ring A. These 
facts suggest that in ergocaldfcrol " ring B " is open between 
C, and C,,. and that II arises by scission of the molecule at a double 
bond in position 5:0, and can be an a:^unsatarated aldehyde only 
If there is a double bond at 7:8 (these double bonds are also present 
in cigostcrol). The isolation of the ketone III confirms 

the presence of the double bond at 7:8 (Heilbron ri al., 1936). 

The bolaUon of formaldehyde (TV) shows the presence of an 
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ciocyclk methylene gronp, »nd the presence of this gnrap at is 
in keeping vritb the opening of ring B at 0:10. The fOTinaticBJ o! 
V (CitH^Oi), a keto-add, snggests that ring B is open at 0:10, and 
that there arc two double bonds at 7:8 and The poaitioo 

of the latter double bond Is confinned by the jsolatioo of methji- 
wopcopylacetaldchyde, VI (Hdibxon d eU, 1036). 

Stiitare I for crgocaldfcrol b also supported by the fonnation 



yCOiH 

& " YT 


lOKOH-COWO 

CS) 




HO' 



AT'B'V'^fcTD 

OH-OOjH 

vn 



TOO, 
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of vn, the structure of which is shown by the products VIII, IX, X 
and XI (Windaus d al., 1936). The production of 2;3-diraethyl- 
naphthalene (VIII) is in keeping with the fact that carbaxyl groups 
sometiines give rise to methyl groups on selenium dehydrogenation 
{{/. |3 vii. X). Similarly, the formation of naphthalene, IX, and 
naphthalene-2*carboxylic add, X, shows the presence of rings A 
and *’ B ” in VII. Catalytic rrfuction of VII (to reduce the dOTble 
bond in the sii^-duiin only), follow^ by ozonolyds, gives XI. 
Thus the formation of these compounds VIU-XI establishes the 
stnictine of VII, and shows that the double bonds are at 5:0, 10:10, 
and 7:8, 

X-ray analysis studies of the 4-lodo-3-nitrobenzoate of ergo- 
caldferol confirm structure I for crgocaldferol (Crowfoot d eL, 
1W8). 

The presence of the two double bonds 5;C and 7:8 gives rise to 
the possibility of various geometrical isomeric forms for ergo- 
caldferoL \Vhen ergosterol is irradiated with ultraviolet light, it 
appears that pre-ergocaldfcrol fa the final product, and this fa 
then readily converted into the vitamin by gentle warming (Vellux 
d «/., 1048, 1040), the two being in cquilibimm, with the vitamin 
predominating. Sondhdraer d el. (1056), from a study of the 
ultraviolet spectra, have suggested that ergocalcfferol has con- 
figuration XII, and pre-ergocaldfcrol XUI. On the other hand, 
Braude d al. (1065) have proposed XIII for crgocaldferol, and 



for pre-ergocaldferoL Crowfoot d al. (1057), from calcula- 
tions of electron densities in the ester crystal (the 4-iodo-3-nItro* 
benzoate), have shown that their results agree with XIII being 
the stereochemical arr ang ement in ergocalciferoL 
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§6b. Vitamins Dj and D4. A detailed biological investigation 
has shown that the vitamin D in cod-liver oil is not identical with 
ergocaldferol, and that vitamin D activity conld be conferred on 
cholesterol, or on some impurity in cholesterol other than ergosteroL 
Windaus (1&35) therefore suggested that natural vitamin D 
cod-liver oil) is derived from 7-dehydrocholesteroL The following 
chart shows the method of preparing 7-dehydrocholesterol (origin- 
ated by Windaus, 1036, and improved by Buser, 1947, and by 
Fieser et dL, 1960), 



oholecteryl 

acetate 



7 'daliydroeholeatflKd 

7-Dehydrocholesterol, on irradiation with ultraviolet light, gives a 
product that is about as active as ergocaldferol (vitamin Dj). 
This product was shown to be impure, and the pure active consti- 
tuent was isolated as the 3:6-dlnitrobcn*oate (Windaus d aJ., 1936). 
This vitamin D with a cholesterol aide-chain fa named vitamin D*, 
and hg< been shown to be identical with the natural vi tamin that fa 
isolated from tunny-liver oil (Brockman, 1937). Vitamin P| has 
also been isolated from other fish-liver ofls, e.g., hs J tb nL The 
Chetnical Socidy (1061) has pr o po se d the name cholecaldferol for 
vita jrrin D,. 

Irradiation of 22:23-dIhydroerg08terol gives a corapoond with 
antirachitic properties (WIndans et al,, 1937) ; this fa known as 
vitamin D*. 
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J7. Stlgmasterol, C,»H 4 gO, m.p. 170“, is best obtained from 
soya beau oil. Since stigmasterol lonns an acetato, etc., a hydroo^ 
group is thcreJore present. Stigmasterol also fonns a tetrabroanide ; 
thus it contains two double bonds. Hydrogenation of stigma- 
sterol produces stigmastanol, and since the acetate of this 

gives the acetate of S^hydro^ynortf^fccholanic acid on oxidation 
with chrominm tricodde, it follows tltat stigmastanol difEcre from 
cholestanol only in the naturt of the aide-cfrain (Fexnholz ft ak, 1034 ; 



eigosterol, §6). Ozonolysb of stigmasterol gives, pmnng other 
products, ethyl/jopropyJacetaldcbyde (Guiteras, 1033). This sug- 
gests that the aide-chain is os shown in I, with a double bond at 
22:23, 
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Thta tho final problem is to ascertain tbe position of the second 
double bond in stigmasteroL This has been shown to bo 6:0 by 
the method used for cholesterol (Femholr, 1034). Stigmasteroh on 
hydroxylation with hydrogen peroxide in acetic add, gives a triol 
which, on oxidation with chromium trioxide, forms a hydroxy- 
dflcetonc. This, on dehydration followed by reduction, forms a 
diooe wlfich combines with hydrazine to form a pyridatine deriva- 
tive. These reactions can bo explained as follows [cf. cholesterol, 
§3 H): 




dione pyridudno 


This position for the nodcar doable bond is mpporied by other 
evidence ; thus stigmasterol Is : 



J7a. Biosynthesis of sterols. It has long been known that 
ani m a ls can synthesise cholesterol, and work by Bloch ei al. {1962), 
who used acetic a dd labelled isotopicaily (with ^*C) in the methyl 
group (wt) and in the carboxyl group (c), has established that the 
distribution of the carbon atoms is aa ^own in I. Thus acetic 
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add can be regarded os the fondamental unit, and there is evi- 
dence to show that acetoacetic add is an intermediate. The 
sequence of events and the nature of other intermediates are not 
known with any degree of certainty. However, as we have seen 
in 532a. VUI, a scheme has been proposed whereby various terpenes 
might be synthesised in the living organism. Woodward d al. 
(1963) have suggested that the biosynthesis of cholesterol occims 
via squalene as the intermediate. This compound contains two 
famesjd cltaTm Joined end to end, thereby giving rise to the central 
portion being united tail to tafl. The proposal is that squalene 
ring-closes to form lanosterol, this stage involving the shift of a 
methyl group (labelled 0). and then lanosterol loses three carbon 
atoms to form cholester^ 
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Comparison of this cholesterd stnichire with I shows that the 
dfstribation of the carbon atoms is the same. This bio- 

synthesif is supported by the feet that tqualene, which was syn- 
thesised in rats fed with labelled acetic add, when fed to other 
rats, gave cholesterol containing **C {Bloch d oL, 1052). 

It has been sn^ested that the extra methyl group in the aide- 
chain of ergosterol could arise from propionic a^ (or its equivalent ; 
ef, senedoic add, J32a- VIXI) : 


CH,«CO,H + CH,<X>,H -► CH,-a>CH,*CO,H 
CO,H 

in, OH CH, CH, OH CH, 

— ta-co.H — iaKo^ 

CH,"^ CH, 

CH, CH, 

^ '^(UcO.H 

CB,-^ 


In stigmasterol, the extra methyl group presumably could eiise 
from butyric add (or its equivalent). 


BILE ACIDS 

§8. Introduction. The bile adds occur in bDe (a secretion of 
the liver which is stored in the gaU-bladder) of most an im als, 
combined as amides with either glycine (NH,'CH,*CO|H) or 
taurine (NHj*CH,*CH,‘SO,H), e.g., ^ycocbolic add {—glydne 
cholic add), taurocbolic add («* taurine -f* cholic add). The bOe 
add* are present as sodium salt^ and they function as emulsify- 
ing agents in the intestinal tract, Ag., fets, which are i n soln ble in 
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water, are rendered " soluble ", and so may be absorbed in the 
intestine. 

The bile adds are hydroxy derivath^ of either cholanic add or 
a/AxJiolanlc add (but see 510). Dch)rdration of a bile add by heat- 
ing in a vacuum, followed by catalytic redaction, gives either 
cholanic or oZ/ocholanlc add. 

About twdve natural bile adds have been characterised, and a 
number of others are synthetic. The positions of the hydroxyl 
groups are any of the following : 3, 0, 7, 11, 12 and 23, and in almost 
all of the natural bile adds the configurations of the hydroxyl 
groups are a (see §4b). Some of the more important natural bile 
adds are : 


Nmmt 1 

1 M.p. 

Hydnxyi 

gTvitpt 

Soiart 

QioUo tfM 

195* 

ysiT^ita. 

Man, (K 

DeoxycboUc add 1 

17a* 

5 *:i»a 1 

Xfwn, OX 

LftbocboUc add 1 

IW' 



CheaodecdcycboUe add 

MO* 


Man. ox. hen 

Hyodooxywlic add 

* 97 * 

io.'es 



59 . The structures of cholanic add and of/ocholanic add. 
These adds may be derived from coprostane and cholestane, 
respectively, as follows {cf. §4c). At the same time, these reactions 
show the relationship betNvecn the bile adds and thesterols (Windaus 
1019). 
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cholatuQ dbxholAoic uid 


Cholanlc add. 



chdoktod chalest-4'«n-3>onfi oc^ntMtanol 



cbol ml o add 
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§10. Stracture of the bile adds. Since all the bile adds can 
be converted into either of the cbolanic adds, the former are there- 
fore hydroxy derivatives of the latter, e,g., lithocholic add can be 
converted into cholanic add as follows : 



cholanlo add 


According to Fieser ct aJ. (1&55), cholenic add is a mixture of the 
two compoands shown, the cbol-3-enic add being the main con- 
stitnent. 

The positions of the hydroxyl groups In the bile adds have been 
determined by means of oxidative degradation, the position 
of the hydroxyl group in lithocholic add is shown to be at 3 as 
follows. Cholesterol can be converted into coprostanol I (see, 

59) which, on oxidation with ebromiam trioxide, forms a ketone 
and this, when oxidised with nitric add, gives a dicarboxylJe add, 
II. II, on further oxidation with nitric add, produces the tri- 
add, lithobllianic add. III. Lltho^olic add, IV, on 
oxidation with chromhiro trioxide, forms dehydroHthochoIic add, 
V, and this, when oxidised with nitric add, forms IIL It therefore 
follows that the hydroxyl group in lithocholic add Is probably in 
the same position as in coprostanol, viz., position 3, Thus : 
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The above evidence is not condosivc, since Usd the bydrox^ gnrap 
in iithocholic add been at posUem 4, III could stiH have been 
obtained. In practice, however, the c^dation of I produces two 
isomeric adds for 11, one being 11 as shown, and the other Ha, 
in which the ring A is opened between C* and C, ; this add, on 
farther oxidation, ^ves wUthobiUanic exid, HI*. Since the oxida- 
tion of Iithocholic add, IV, alsn produces a mixture of the ssms 
two adds, ni and Ultf, Uiot can bo no doubt that the hydrox)! 
group is at position 3. 

The configuration of the Iq^droj^ giroap in Uthochonc add has 
been shown to be a by, the oxidative degradation of the aceta^ 
of Iithocholic add and epicoprostand to fi-fatoandrosterone {forroeriy 
known as 3x-bydrctxyartiochola»-17-one). Since all of the natnraJ 
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bile adds except one f' ^ ” hyodeoxychoUc add) can be converted 
Into lithocholic add, all have therefore the ec-confignratjcm for the 
hydroxyl grcrap at C,. 



IHhochoile add S-woandrorteroo® eplcoproitanol 


The bile adds form raolecolar compounds with various sub- 
stances. Cholic add, in particular, foma these molecular com- 
pounds with such compounds as fatty adds, esters, alcohols, etc. ; 
these are known as the choleic odds. 

The bile odds discussed in tho forcing account are all deriva- 
Uvna of cholanic or afiocholanlc add. There are, however, some 
1^ odds which are not derivatives of the cholanic adds, In 
the bile of crocodiles there is the bile add 3z:7acl2ii-trihydroxy- 
<^opro»tanlc odd, Ct,H 4 ,Ot. 
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SEX HORMONES 

Jll. IntrodDctdon. Hormones are sabstanceswhldi are secreted 
by the ductless gjands, and only minute amounts are necessary to 
produce the various ph 3 rEiological reactions in the body. The sex 
hormones belong to the steroid class of compounds, and are pro- 
duced in the gonads (testes in the male, and ovaries in the female). 
Their activity appears to be controlled by the hormones that are 
produced in the anterior lobe of the pituitaiy gland. Becanse of 
this, the ser hormones are sometima caD^ the secondary sex 
hormones, and the hormones of the anterior lobe of the pituitary 
(vThich are protein in nature) are called the primary sex hormones. 

The sex honnones are of three types : the androgens (male 
hormones), the oestrogena (female or foUlcular hormone*), anti 
progesterone (the co rp us luteom honncme). The sex hormones 
are responsible for the sexnal pro cess e s , and for the secondary 
characteristics which diderentiate males from females. 


ANDROGENS 

§12. Androffterone, ntp. 184~186^ is dextrorotatoty. 

It was first isolated by Buteuandt d aJ. (1B31) from male urine 
(about 16 mg. from 16,000 litres of urine). An dr os t erone behaves 
as a saturated c ompoun d, and since it forms mono-esters, one 
oxygen atom is pr e se nt as a hydroxyl group. The functional 
nature of the other oxygen atom was shown to be oio, since andro* 
sterone forms an oxime, etc The parent hydrocarbon of andro- 
sterone, Ci,H„Og, is therefore and since this corresponds to 

the gentrsl formnla the molecule is tetnuyclic This led 

to the suggestion that an di os t er o ne probably contains the steroid 
nndecs, and since it is a hydroo^lcetone, It was thou^t that It Is 
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possibly related to oatrooe (§14). Butenandt (1932) thercforo 
Iffq)o*ed a atiu c tur e which was proved correct by Rtixicka (1034) 
as follows, Rngiclca oxidised cholestanyl acetate with chroinfniti 
trioiide in acetk add to eplandrosterone. a hydroxyketono with 
the s t ni c tur o proposed for andnwterone by Bntenandt. ^Vhen, 
however, epdcholestanjd acetate was oxidised, the prodnet was 
androsterone. Thus the coQjfignradon of the hydnx^ group at 
Ct is a and not ^ as Batenandt suggested, Epiandrosteronc 
(formerly known as tioandrostcrone) has about one-eighth of tho 
activity of androsterone. 

Sem^enner d al. (1055) have converted cpiandrostcrone into 
and r oster on e, starting with epdandrosterone /^toluenesulphonate 
[cf. tosyl esters of sugars, JO. VTI). 
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Soon after the discovery of androsterone, Butenandt et td. (1034) 
isolated two other hormones from male orme, 6-iwandrosterone and 
dehydroepiandrost«xme. Then Laqueor (1035) isolated the hormone 
testosterone from steer testes (10 mg, 100 kg. of testes). 



HO*'* 

f^Moandrostororto dehydroeplandroaterono 


0 ^ 


testasterooe 
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This method has been improved by Mamoli (193S), who converted 
dehydrocpiandrosterono into testosterone hy meani of micro- 
oj^fanisms ; the first stage uses an oxidising yeast in the presence 
of ojcygec, and the second stage a ferraenting yeast. 

Elisberg d oL (1062) have shofwn that sodhtm borohydride 
selectively reduces tho S*keto group in the presence of others at 



11, 12, 17 or 20. On the other hand, NorymbersVi d el, (1064) have 
shovm that if there is a double bond in positierQ 4:6, then the Iceto 
grerop at 17 or 20 is preferentlaUy redneed to that at 3. Thus 
andro3t-4^e-3:17*dkme is reduced to testosterone by Bodiom 
borohydride ( 9 ^. §3 £). 

It appears that testosterone is the real male sex honnono in the 
body ; the others are metabolic products of testosterone. The*' 
ketonic steroids are «parated from the noa-ketonic steroids {aH 
from urine) by means of Girard’s reagents (P and T) ; the ketonic 
compounds form soluble derivalives, and may be regenerated by 
hydrolyris (see also VoL I). Many other hormones have also been 
fitted from arioe. 


OSTROOENS 

§14. OEstrone. It has been known for a long time that there 
arc hormones which control the uterine o?cle, but It was not until 
10S9 that Butenandt and Drdsy indcpendoitly Isolated tho active 
substance ceatrone from the urine of pregnant women- CEstrone 
is the first known member of the sex honnones, and soon after its 
discovery two other hormones were isolated, csjtriol and ecstradioL 
(+)“fE^^t^ODe, ni-p. 269*, the molecailar formula CuHnOf 
It behaves as a ketone (fmms an codme, etc.), and contains one 
hydroxyl group (it forms a monoewtate and a roonamcthyl ether). 
Furthermcfre, hydroxyl group is pfujwUc, since ttstrone couples 
with diaxoniuin salts in alkaUne solution (this reaction is typical of 
phenols). When distilled with rinc dust, cestrone forms chrysene ; 
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this led to tlic suj^tjestjon that orstronc is rebted to the steroids 
(r/. §1). The X*rny onalpts of ccstrotic also indicates the presence 
of the steroid nucleus, and at the same time showrd Uiat tire keto 
group and the hydroxyl group arc at the opposite ends of the 
molecule (Ikmal, 1032). On catalj'tic h>'d^cnatioti, cestrone 
forms oclahydro-ccstrone, C,,1 I|qO^ This compound contains t^^o 
liydrox>'l groups (tu-o hj*dro^ atoms are used for conxxrting the 
kelo group to an alcoholic group), ond so six hydrogen atoms ore 
u<cd to saturate thrte double bonds. If these ^rcc double bonds 
are In one ring, i.e., there is a bcnxenold ring present, then the 
phenolic hydroxj’l group can be accounted for. The presence of 
one bcnsenc ring in the structure of ocstrone is supported by measure- 
ments of the molecular rcfracthity and the nltravdolct absorption 
spectrorn. 

WTicn the rrrelhyl ether of ccstronc is subjected to the Wolff- 
Kishner reduction, and the prtxluct distilled vrilh selenium, 
7*mclhoxy-l*J-otfopentcnopljenanlhrcne is formed- The structure 
of this compound u-as established by the foUom’ng sjmthesis (Cook 
fi a/.. 1031): 
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Thus the benzene ring in cestrone is ring and the (phenolic) 
hydroxyl grerup is at position 3 ; hence the skeleton of cestrone is : 



Into this skeleton we most fit the keto group, and rinc© this skeleton 
contains only 17 carbon atoms, another carbon atom must also be 
placed. The position of the keto group was shown to be at 27, 
and the extra carbon atom was shown to be an angular roethyi 
group at position 13, as foBows (Cook d aL, 1936). When the 
roethyi ether of cestroae, I, is tnat^ with roethyhnagneanim iodide, 
cotnpoond 11 is obtain^ When 11 is dehydrated with potasarom 
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hydrogen sulphate to III, this catalytically reduced to IV, and 
then IV distilled with selenium, the product is 7-methoxy-3':3’- 
dimcthyl-l; 2 -fyc/opentenophenanthrene, V. The formation of V 
f^n be e xplwioed only if there is a keto group at position 17 and 
an angular methyl group at position 13. It should bo noted that 
in the following equations, the dehydration is accompanied by the 
migration of the angular methyl group ; this assumption is based 
on the analogy with known examples in which this occurs. 

The structure of V has been confirmed by synthesis (Cook d al., 
1035). Thus the gtnicturc of oestrone is : 


EO' 



This has been confirmed by the synthesis of Anner and Miesoher 
(1948). These authors started with the phenanthrene derivative 
VI, which had been prepared previously by Robinson d al. (1838), 
and by Bachmann d al. (1942). The first step of the Anner-Uiescher 
synthesis involves the Refonnatsky reaction, and a later one the 
Amdt-Eistcrt synthesb (see p. 484 ). 

The stereochemical problems involved in the synthesis of cestrone 
are not so complicate as in cholestcro], since only four asymmetric 
carbon atoms are present in the honnone (c/. §3). VI contains 
3 asymmetric carbOT atoms, and so four racemates are possible. 
Three have been isolated by Anner and Mlescher, and one of these 
was converted into (±}-cestrone (C/D irons) and the stereoisomer 
(C/D cis) as shown above. These were separated and the (±}- 
oestrone resolved with (— )-menthoxyacetic add. The (4-}-eDantio- 
morph that was obtained was shown to be identical with the natural 
compound. 
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in tlio vicinal position {/.«., 1:2-). When cestriol is heated with 
potasshun hydrogen srdpbate, one molecule of water is removed 
and cEstrone is poxiuced. It therefore follows that cestriol has the 
same carbon stdcton as cestrone, and that the two alcoholic groups 
in cestriol are at poations 10 and 17. Structure I for cestriol ^ 
the above facts, and is supported by the following evidence. When 
fused with potasium hydroxide, cestriol fcjnus manianolic acid, 11, 
and this, on dehydrogenation with selenium, is converted into a 
hydroxydimethyl^cnanthreue. 111, which, on distillation with 
zinc dart, gives a dimcthylphenanthrcne, IV. The stmcture of IV 
was shown to be l:2-dimetbylphenanthrene by tynthesis, and since 
marrianolic add forms an anhydride when heated with acetic 
anhydride, it therefore follows that cestriol contains a pbenanthrene 
nucleus and a five-membered ring, the position of the latter being 
1:2 (where the two methyl groups are in IV). Finally, the structure 
of III was shown to be 7-h)^oxy-l:2-dimethylphcnantbrene by 
synthesis (Haworth et al., 1934), and so if I is the structure of 
cestriol, the degradation to the pbenanthrene derivatives may be 
explained as follows : 




rv 


The chemical relationship between cestrone, cestriol and cestradlol 
(§10) is shown by the following reactions. 

(i) CEstrone may be reduced to cestradiol by catalytic hydro- 
genation, by aluminium iropropcndde (the Ueerwein-Ponndorf- 
Verley redaction), or by lithium ahuninhim hydride. 
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cedrAdk^ 


(ii) CEstriol may be converted into certrone by the action of 
potassium hydrogen sulphate (see above), and cestrone tnay be 
converted into cestriol as follows (Hnfiman a ai., 1947, 1W8). 
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Leeds et al. (1054) have 
simpler method ; 


converted cestrono into CEStriol by a 




QSstriol is more soluble than testrone in water, and b more 
potent than either oestrone or cestiadio) when taken orally. 


§16. CEstradloI, Ci,H,,0^ There are two stereoisomeric cestra- 
dkils, a and ; the a-tsomer is much more potent than the /?-. 



a-ojctradlol p-ce«trEdIoI 

(ocitnul}oI-17p) (aatnulioI'17a} 


a-^Est^adio] was first obtained by the redaction of cestrone (see 
§16), but later it was isolated from the ovaries of sowt (Dolsy 
al., 1036). When the phenolic methyl ether of cestradlol is heated 
with diK rhloride, a molecular reartangement occurs, the angular 
methyl group migrating to tbeo«/opentane ring D (c/. §2 viil X), 
Tliis compound, when dehydrogenated mth selenium, produces 
7-methoxy-3'-methyI-l :2-<:7cfopentcnophenanthrene, the structure of 
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which has been Ascertained by synthesis (Cook d aL, 1934), Thos 
the stmetare of oatradiol is established 




teoopb enutbroo i 


^•(Estradiol has been isolated from the pregnancy urine of marcs 
fWnterstdner rt of., 1938). a-CEstradiol is much more active than 
ccstrone, whereas )S<e5tradicd fa much less active. It ^)peajs that 
cestradied fa the real hormone, and that oestrone and cestriol are 
metabolic prodneU. 

A very active ^thetic oestre^ is J7a-ethiJjyloBStradiol, and 
has the advantage that it Is very active when taken orally. Ihfa 
83 Tithetic compound has been prepared by the action of acetylene 
on oestrone in a solution of liquid dmmruila containing potassium. 



cestrone 


I7a^thtnjdaxtr*diol 



5Tfi£0tD9 


489 


§17] 


§17. (+)-Equneiilii, CuHi.O„ ULp. 268-289*, has been 
isolated from the urine of pregnant mares by Girard et aJ. (1932) ; 
it is not a very potent ocstn^en. The reactions of eqmlenin sho\r 
that a phenolic hydroxyl group and a kctonic group are present, 
and also that the moleaile contains five double bonds (^, cestrone, 
§14). When the methyl ether of eqmlenin is treated with methjd- 
magnesium iodide, then the alcohol ddiydrated, catalytically re- 
duced and then dehydrogenated with selenium, the product is 
7-methoxy-y;y-dimethyM:2-0’g%)entePophenanthrene, IT as- 
trone, §14). Thus the structure of equBciiin is the same as that of 
cestrone, except that the former has tut) more double bonds than the 
latter (Cook ei ai., 1936). Now the absorption spectrum of eqm- 
lenin shows that it is a naphthalene derivative. Thus, since ring A 
in cestrone is benzenoid, it appears probable that ring B in eqnileaiin 
is also benxenoid, i^, rings A and B form the naphthalene nucleus 
in cqullenin. All the foregoing reactions of eqoilenin may be 
readily explained by assuming that I is its structure, and further 
evidence that has been given to support this w the claim by Marker 
d al. (1938) that equilenln may be reduced to cestrone, lU, by 
sodium and ethanoL This redaction, however, has apparently 
ne>*er been substantiated {ef. Danben ei al., 19M). 



This structure of eqmlenin has been confirmed by synthesis. 
The first sj-nthesis was by Badunann rf al. (1940), but was some- 
what imprm-ed by Johnson d al. (1947). In the following chart, 
compound IV is synthesised by the method of Bachmann, and 
the rest of the sj-ntbesU is that of Johnson, who started with 
compound IV (Johnson's synthesb involves fewer steps than 
Bachmann's). 
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Johnson's synthesis stariing from TV. 


401 





tta« are separated by fr^onal ^ it “if ~) = 

-tha.ob tbe e^aflenla derivative L^’^, 
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Product VII is (±)-«quilenin, and is resolved via the roenthoi^cetic 
ester. The (d-)-equiienin so obtained is identical with the natural 
product. It should be noted here that egmlenni contains only 
two asymmetric carbon atoms, and so the stereochemical problems 
involv^ are far simpler than those for cholesterol and oestrone. 

J17a. {+)-Equllln, Ci,H*0^ m.p, 238-240®, has also been 
isolated from the urine of pregnant mares (Girard d aL, 1032), 
and its structure has been diown to be 



equHin 


§18. ArtLflclal hormones. Many compounds with oestrogenic 
activity, but not of stcrcnd structure, have been prepared syn- 
thetically. 

Stllbiatrol (4:4'-dihydro3cydietbylstiIb€nfi) was pre p ared by 
Dodds d ed. (loki) as fohows : 
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'koh ^ 

ttnboQitrol 

Tha above strncture of stUbcestrol can exist in two geometrical 
isomeric forms ; it is the front-form which is the active substance, 
and this confignraticm has been confirmed by X-ray analysis 
(Crowfoot d ai., 1941). 




f7tn/-«tilhc8*tnl ' 

Rharoach d aL (1943) have introduced a simpler synthesis of 
stilbcestroL Anethole is treated with hydrobromic add and the 
product, anethole hydrobromide, Is then treated with sodamide in 
liquid ammonia. Tlie resulttog compound, I, gives stiJbcsstrol on 
demethylation and isomerisatioa in the presence of alkali The 
structure of I is uncertain, but It is believed to be the one given. 



StHbccstrol is more active than ccstrone when administered sub- 
cutaneously, and it can also be given orally. 
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HexcBatrol (dih 5 ^drostilbcestrol) may be prepared from anethole 
hydrobromide as follows : 


aOHjO^ >aHBrOA OHiO 


OOH, 


HO 


The active form is the mao-i%oma (as shown by X-ray oystaHo- 
giaphy by Crowfoot et oL, 1941), and this compound appears to be 
the most potent of the oestropms. 


OESTOGENS 

§19. Progesterone, m.p. 158*, was first isolated in 

a pore form by Bntenandt et al. (19^) from the corpora lutea of 
pgegnant sows. 

The chemical reactions of progesterone show that there are two 
keto groups present, and since on catalytk rednction three mole* 
cnles of hydrogen are added to frnn the dlalcohol C^HnOi, It 
therefore foIlowB that pn^esterone contains one doable bond (four 
hydrc^en atoms are used to con v ert the two keto groups to alcoholic 
groups). ThtB the parent hydrocarbon of p rogesterone is H«, 
and since this corresponds to the general f o r mu l a pro- 

gesterone is therefore tetracyclic. Furthermore, X-iay studies have 
flhown that progesterone mntAhw the steroid nuckos, and this is 
further supported by the fart that progesterone may be prepared 
from, e^., stigmasterol and cholesteioL These prcpaiations also 
show the strucLiue of progesterane, but do not provide condnsive 
evidence for the position of the double bond in p rogesterone, smce 
the results can be interpreted equally well on the assumption that 
the double bond is 4J5 or 6:6. The absorption spectrum of pro- 
gesterone, however, shows that it is an cc^-onsatuiated ketone, 
and this suggests that the position of the double bcaid is 4:6 (see 
bdow). Finally, progesterone aTv> been synthesised from dios- 
genln and from pregnanediol, and the pr^jaration from the latter, 
taken in conjunction with the otheo, definite^ shows that the 
position of the double bond in p roge s terone is 4:6. 

(i) Progesterone from siig;maSleTol (Bufenandt ei ai., 1934, with 
improvements by other workers). 
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(H) Progcstaxme from choUsUrcl (Botenandt d el., 1939). Qiolc- 
sterol is first conv^ed intodehydroepiandrosterone (see §13), and 
then as foDows : 



eholeeterol debydroepUndroiteroiiQ 




(I) 

fG) kT^ralTils 




pregneixoloae progetterooe 




STEFOfDS 
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(lil) Pro^uUnnc from diot^enin (Marker d el„ 1010, J0|1). 
Dvosgcoin (a. sa^xagctxin) occurs os a gljxosido In the root of TrtUtum 
eredum. 




Saponbu and Sapogenlna, Saponlns ore plant glycosklca, end 
tho aglycon Is known tu tho «apog«min {cf, |24. Viri. Saponlitf are 
very powerful emulsifiers, and derive tli^ name from this propertr ; 
they are used os detergent*. Tbero ore two groups ol saponins. mo 
steroid and tho triterpenold saponin*, and thc*o two groups be 
distlagnlihed by tbo fact that only the fonnea' group gives Plels’ 
hydrocarbon on distillation with adonlom ; tho triterpenoid group 
gives mainly naphthalene os piccfie derivatives (e/. |11. 

DigitonJn Is a steroid saponin ; It causes hmmolysis of the red Wood 
cell*. 
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^v) ProguUroM from pregnmudioi (Butenandt ei oL, 1030). 





In the above reactions, bro o dn ation might have ocaured in posi- 
tion 2 ; in this case the podtlon of the donWe bond would have been 
1*^ This is impossible, since the preparation of progesterone by 
methodf (0 to (Ul) shows tha t the double bond must be 4:5 or 5A 
Thns the preparation from pregnanediol proves that the double 
bond is 4:5. 
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§20. Preftnane-3ix:20a-diol, C^H^Oj, was isolated from 
hnman pregnancy urine by Marrian (10^) ; it is biologkaJly inac- 
tive, and is the main metabolic product of progesterone. The 
functional nature of the two oxygen atoms was shown to be 
secondary alcoholic, and since pregnanediol is saturated, the parent 
hydrocarbon is and so the molecule is tetracyclic. Preg- 

nanediol gives the haloform reaction ; thus a CH,*CHOH* group 
is present (see VoL I). When oxidised, pregnanediol is converted 
into the diketone pregnanedlone and this, on the Qemmensen 
reduction, forms pregnane, This is identical with 17-ethyl- 

ffltiocholane, a compotmd of known structure. Thus pregnanediol 
contains the steroid nucleus, and the position of the side-chain is 
17. HnaHy, the relationship between pregnanediol and proge- 
sterone shows that the former contains one hy dr o x yl group at 
position 3. Further work showed that the configuration of the 
3-hydroiyl group is a. Thus : 



prepuMdlol piegnMedlom 



pregnane > 
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ADRENAL CORTICAL HORilONES 

§21. iDtroductloa. In the adrenal gbnds (of mammals) there 
are tuo regions, the medulla which produces adrenaline (see 
§12. XIV), and the cortex which produces steroid hormones. The 
production of these adreno-cortical hormones is controlled by the 
hormone produced in the anterior lobe of the pituitary, the so- 
called adroiocorticotrophic bonnonc, ACTH. 

§22. Adrenal cortical hormones. About 2S steroids havTi 
bcCT isobted from the extract of the adrenal cortex, and their 
structures have been elucidated mainly by Kendall rt al. (1035), 
Winterstciner (1035-) and Reicbstcin d aJ. (1035-), Only six of 
these 28 compounds ore ph5'5iolc^calIy activx, fourteen arc inactlrxj 
and are produced by the r^uction of the acti\“c hormones, and the 
remaining six are oestrone, prc^tcrone, 17a*hydrox>'pTOgestcrono 
and adrenostcronc. and two other compounds that arc apparently 
produced by oxidation during the isobtion of the hormones from 
the cortical extract Adrenostcronc is as ihowTi, and possesses 
androgenic activity. 



odronoctcrofie 


The six active compounds are as follows (they have been desig- 
nated by letters as well as named ^rstematically). 
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Sobstaikce Q ; 

1 I'DeaiyiUA (icooteroDo : 

2 i-HjrdroxypcogQcteroDS 


Sab«tajK« H ; Compoond A ; 

Cortko Bto oBo ; 1 1 -Dehydrocarticoi te rooe 

iiui-Dfliydr oxy - ii'HyiUOTy>ii-keto' 
progwtoron© proge at erone 



Owing to the presence of the a-hj^3roxyketone group, the adrenal 
cortical honnones are strong reducing agents. The hydroxyl group 
at position 21 behaves in the usual way, but the ll*kcto group 
does not form an oxime or a phenylhydraxone. The 11-keto group 
is resistant to catalytic redaction in neutral solution, but can be 
reduced in acid solution ; it Is readily reduced to a hydroxyl group 
by lithium aluminium hydride, and to a methylene group by the 
Clemmensen reduction. 

The keto-hormones are separated from non-keto compounds by 
means of Girard's reagents P and T (see VoL I). 

The Blruclnres of the hormones have been elucidated by 

degradation and by partial syntheses from sterols of known struc- 
ture, deoxycorticosterone fr o m stigmasterol (Reichstein ti eL, 
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1037, 1040). The first stqj fa the conversion of sUgmastcroI to 
pregnenolone (see |10 0* 



(U)soai 



A very interesting point about the above synthesis fa the on- 
usual stability of the diaroketone. 

Cortisone (Substance F, Compound E) has been used for the 
treatment of rheumatoid arthritis and Aeumatlc fever. Many 
partial syntheses arc known, and there is also a total synthesis ; e.g., 
the following partial synthesis starts from 3oc:21-diacctoxypregnano- 
Il;20-dioao (Sarett, IWS). 
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AUXINS 

S23. It had been roggested for «omo years by botonUU that \nrioti3 
substances bad pbnt prcmih-promotlng properties, but it was not until 
JOW that such compounds were actually isolated. In 1033, KOgl et el. 
isolated an active compound from human urine, and they named It 
auxin a and showed that iU structure Is I. Soon afterwards, Kf5gl 
(i el. isolitcd auxin b (II) from make genn ofl. 


c,nrcii 




ioit-cn,-cito)i aioriHXyi 

I 


cflrat— ^ cw-c,n, 

\afon-cn,-c<HmrcO|it 

0 

Auia A 

The name auxin la now token as the gtnmc na m e for the plant 
hormones. Aaxins generally ocenr in the plant kingdom, but arc 
also pre sen t in urine, etc. 

Farther work by KOgl et aJ. (1034) led to the isolation from urine of 
another growth- p ro mo ting substanco which the authors named *’ hetero* 
anyin ", and subsequently showed that this compound is indole-^ 
acetic add. 


Udol('3-«0iSl* uld 

The disem-ery that indolc-3-acetlc add had plant growth-prorooting 
p roper ti es led to the examination of compounds of related itrocturc. 
and it was soon found that various deTivatl>'es of iadoIe-S-acetic odd 
ore also active ; it was also found that a number of ar>'lacetic adds 
and arykncyacetlc adds are active, e.g., pbenylacetlc add, III, 1-napb- 
thaleneacetio add, IV, and S-naf^tboxyacctic add, V. 




V 


Recent work has suggested that iDdole-3-acetlc add Is the nataral 
plant bonnooe, and not amdns e and b. In fact, there now appears to 
bo some doubt as to the existence of auxin a {euxrntrioiic ecid) and 
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asxin b (atawtdotfU acid) ; neitber of tbcK compoonds has been 
isolated emce K5gi obtaixH^ them. 

Tbe rdbrtJcm betwren ch«idcal rtructuro and grmrtli*pfomoting pro- 
perties has ttiU to be solved^ bst oevertbeJeu much pfogr c M has beea 
made hi tids directicm. Ko^U 4t sJ. (10$5} believe that & plant bar- 
ZQone most have a ring Btrocttue coataining at least oce dcmble bond, 
cmd a side-chain containing a carboxyl grcmp (or a group capal^ of 
bring converted into a carboxyl grcrnp) removed from the ring by at 
least one carbon atom {rf. comp onn^ I-V). These l e q uheme nts, 
howver, have been modified by Veldestra 
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CHAPTER XII 


HETEROCYCLIC COMPOXJNDS CONTAINING 
TWO OR MORE HETERO*ATOMS 

§1. Nomeaclatore# (i) When the hetcnx^idlc compound con- 
tains two or more hetero-atoma, the ttarting point for numbering 
is the hetero-atom of as high a group in the periodic table and as 
low an atomic number in that group. Thus the order of naming will 
be 0, S, Se, N. P. As, Sb, Si, Sn, Pb, Hg. 

(ii) With the atom of the prefened kind as number 1, the ring 
is numbered in such a way that the hetero-atoms are given the 
lowest numbers possible. 

(Ui) Of two or more numberings ccmlorming to rules (1) and (u), 
the one that is chosen is that which assigns low numbers more 
nearly in the order of precjcdence established by rule (I). 

(iv) Of two or more numberings ccnlonning to rules the 

one that is chosen is that which gives hydrt^cn atoms the lowest 
numbers possible. 

(v) When a beterocydic compoond ccctainlng at least one nitrO' 

gen atom does not end in taeand gives Itfne compounds on progres- 
idve hydrc^ienation, the latter derivatives win be indicated by the 
successive endings idine', pyrazoHne, pyra- 

eolidine. 

The hetero-atoms in hetmxydk compounds are indicated by . 
prefixes, 64 ., O by oxa, S ^ thlo, N by am. 

AZOLES 

AxoU is the suflii used for fi^membered rings containing two 
or more hetero-atoms, at least one of which is nitrogen. 

PYRA20LE GROW 

p. Pyraxolo. Pymole may be synthesised in a number of 
ways, some of the more convenient methods being the following: 

© By passing acetylene into a tnld ethereal solution of diaso* 
methane (von Pechmann, 1898). 
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^ By heating epichlorohydrin with bydrarine in the presence 
of niflc chloride (Balblano, 1890). 



(ill) By the decarboxylation of various pyraiolecarboxyilc adds, 
c.g., by heating pyrazole-3:4:6-tricarboxylic add (see also 52a- ii). 



(iv) Jones (1940) has shown that pyiazoJe may be conveniently 
prepared by the condensation of l;l:3:S-tetraethoxypropene, 
(C,H|0),CH*CH|‘CH(0C,H,)t, with hydrarbe dihydrochJoridk 

Properties of pyrazole. Pyrazole is a colonrless solid, m.p. 70®. 
It is a tautomeric substanoe ; the existence of tantomerism cannot 
bo demonstrated in pyraxole itself, but it can bo inferred by the 
consideration of pyraxole derivatives. If pyraxole fa tautomeric, 
then the positions 3 and 6 win be identical ; if pyrazole is not 
tautomeric, then these positions arc different Now Knorr d al. 
(1803) showed that on oxidation, both S-methyl-l-phenylpyraxolo 
and ff-methyl-l-phenylpyrazole gave the iame product, vix., methyl- 
pyTaxole. Thus positions 3 and 6 most be equivalent in pyraxole, 



I n 


and this can only be explained by assuming that pyraxole Is tauto- 
meric (I and II). It therefore follows that in pyraxole there can 
only be hpo carbon-alkyl derivatives, S- (or 5-) and 4-. If, however, 
the imino hydrogen fa replaced by an alkjd or aryl group, then 
OiTte carbon-alkyl derivatives are possible, 3, 4 and 6, sinco tauto- 
merism fa now impossible, and so positions 3 and 6 are no longer 
equivalent 
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Pyrarole exhibits aromatic p r o per ties, e^., it is readily halo- 
genated, nitrated and sulphonated ; the group enters at position 4, 
The foDofwing resonating structures are possible for pyrazole. 



If these stmctnres are contributed equally, then eJectrophflk: 
attack should occur equally well at positions S, 4 or 5 (in pyraroJe 
itself, positions 3 and 5 are equivalent). As we have seen above, 
electrophilic attack occurs exdosivtly at position 4. The reason 
for this is not certain. Possibly the resonating structures are not 
ctmtiibntcd equally (as was ajEurmed). On the other hand, Dewar 
(1949) has suggested that fubstitution occurs in the 4-positioa 
because the transition state for 4-substitution Is more symmetrical, 
and consequently more stable, than the transition state for 3- (or 5-) 
substitutictfu 



3-eiihititutkn 4*«ab«litatkin 


It is interesting to note that pyrarole-4-diaioniam salts are stable 
to boiling water, Pyrasole is feebly basic, and forms salts with 
inorganic adds ; the imino hydrogen may be replaced by an acyl 
group. Pyraide is very resistant to orMaing and redndng agaits, 
but may be hydrogenated catalyticaDy, first to pyrazoline, and 
then to pyraidldine. Both of these compounds are stronger bases 
than pyrazole. 



pjruollDe 



pyratolidino 


pa. SymhetU of pyrazole derJvativea, 

(i) A very important method for preparing pyrazole derivatives 
is the reaction be tw een ^-diketoncs (or ^'ctoaldehydes) and 
bydrazmes (Knorr d 1883). 
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R 

1 


{a) (M, 

JXm HNB 

05 + 1 

^CO 

CO HtN 

1, 

R 

ii' 

R 

R 

1 

CO 

io H,N 

(A) 0\U ^ 

hIk' 

R' 

R' 



Thus, according to the above, a miitiiTe jof Isomeric pyraxoles will 
be prodaced. In actual practice, the main product depends on 
the nature of R and R', and it appears that if R is an aJJcyl group 
and R' an aryl group, then orUy ons product is obtained, 0 ^., 
bcnzoylacetone and phenylhydrixino form only 3-inethyl-l:5- 
diphenylpjTuxole (Dmimn, 1931). 



Two different enolic forms are pwssfblo for benioylacetone, but it 
appears that only the enol C«H,*C(OH) «» CH'CO-CH, is present, 
and this is possibly due to the fact that in this form extended con- 
jugation with the benzene ring can occur and so stabilise fhw form. 
On the other hand, if both R and R' are aiyl groups, then two 
isomers may be isolated, 3-«-bcnzo^cetyl-l:5-diphcnyl- 
pyrazole, I, reacts with phenylhydrarine to produce a mbrture of 
l:T:5:5'-tetraphenyl-3;3'-<iipyraxoIyi, II, and I:r;3';5-tetraphcnyl- 
3:5'-dip5Tazolyi, III (Finar, 1055). 



Clf— C— C — pi 

o.n.S^Jr 


o,u,-c — on 

kyc-m 

I i 
-v 
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If ^ketoesters are used instead of ^-diketonea, then 6-pyraxoloQ(a 
are formed (Knorr d al., 1883), ethyl ocetoacetate reacts with 
hydrazine to form 3-methylpyTazol-5-one. 


0^.0,0 ^ O 
' H.K^‘ 


►■HjO + I D 

H.N 


OHf—O’QHj OHr-O'OH) 


+<WE 


(H) Pyrazolecarboxylic adds are produced by the reaction 
between dlaxoacetic ester and acetylenic compounds, e^., with 
ethyl acc^enedkarboxylate, ethyl pyTazole-3:4:6-tricaiboxylate fa 
formed. 

C|H,0,C‘0 GH-00,0^ C, H, 0,0-0— 0C0,0,Hj 

c,H,o,a-8 ^ il, *” OjH,o,o-8 n 

■ r 


If an ethylenie compoond is nsed instead of an acetylenic one, 
then a pyraxoline derivative is produced, t.g.» ethyl fnmarate gives 
ethyl pyrai<jline-3:i:6“tricarbo3tylate. 


CI,H,0,0'OT CTI'OOAH, 

0H-OO,O,H, N, 


O-CQfOiH, 

0,H,0,C-0^ 


i 


(iil) Pyiazoles are produced by the reaction between acetyieuic 
carbonyl compounds and hydrazines (Moureu d aJ., 1903) ; a mix- 
ture of isomers is said to be obtained. 


R'Omc-OO-R' R-0"0-C-R' R-0-CIH,-C0-R' 

^ 


+ 

r'nr-nh, 


R-NH*^ 

I I 

O-R' R-jl (JH 

R' R' 
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(iv) Pyratolinea are obtained by the condensation of or^un- 
satnratcd ketones or aldehydes with hydrazines, e.g., acraldchyde 
and hydrazine give pyrazolinc. 



Pyrazolines may be oxidised to pyrazoles by bromine or mercuric 
oxide. 

Propertie* of the pyrarole derivatives, Pyrazoles with 
substituent methyi groups may be oxidised by pota^um perman- 
ganate to the co rr esponding pyrazolecarboxylic adds, e.g., 



Pyrazole-^ and 6-<arboxylic adds ore readily decarboxylated by 
heating above their melting points ; tlie pyrazole-4-carboxylki 
adds are more stable, but can nevertheleas 1^ decarboxylated at 
elevated temperatmes, f.g.. 



Although pyrazole itself Is not reduced by sodium and ethanol, 
W-phenyl substituted pyrazoles ore readily reduced to the cor- 
respontHng pyrazolines, e.g., 



(U. 


1-Un»ubstituted pyrazoles apparently cannot be chloromethylated ; 
arc produced, e^. (Ilvoretzky et al. 19fi0) ; 



OHGANIC CHKMTSTKT 
1®^* HQ 

I +OH,0 >- 


B nOHj H00H|B nOHi HOOHio |OH, 

CH.P ^ OH,y ^ CH.IJ 

imfiS (W,OH 

(main prodoct) 

On the other hand, 1-phenylpymiole can readily be chloromethyl* 
ated in the 4-posrtion (Finer d al., 1054). 

iTl +OHKI + HOI ni +H,0 


4-ChlorometliyH-phenyipyrErole can be converted into l-phenyi- 
pyraxok*4-aldchydc by means of the Sommclet reaction (see Vol I). 
1-PbenylpyrasoIe can also be merenrated In the 4-position (Finar 
d ai.. 1054). 

When boiled with concentrated aqueous potassium hydroxide, 
quaternary pyrasoles are converted Into bydrazmes (Knw d *L, 
1905), e^g,, 


V + OH,l- 


H- CO,H+ OiHiNHOT-OH, 


KnoTT used this reaction to prepare syw.-disubstituted hydrarlDes ; 
at the same time, this reactioo proves the structure of the pj^aioie- 
quatemary salts. 

Esters of the pyrazoiinecarboxyUc adds eliminate nitrogen oo 
heating to give ^fdopropane derivatives ; sometimes much better 
results are achieved if the compound b heated with copper powder. 


' CH-COAH, 


-0*00,0,H, 


ROH. 

^i^^-OOAH.4 K, 
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Antlpjrlne (2;3*dinicthyl-l*phcnylpjTaiol-&-one), m.p. 127®, is 
very much used In medidne as a febrifuge. It is prepared indus- 
trially by condensing ethyl acetoacetate with phen^^ydrazine, and 
methylating the pr^uct, 3-mcthyl-l-phenylpyrazolc-G-one, with 
methyl iodide in alkaline ethanoHc solution, or with methyl sulphate 
in the presence of sodium hydroxide. 


0 COjCjTIi 




CHyO-OH, 




NH 


I 

(Vt, 

a-raethjl- l.plionjlpyraiol-if-one 


CHjIl CO 
rT 

I 

c,n, 

OBtipjriiM 


At first sight one might have expected to obtain the O-methyl or 
the 4-mctiij'l dcri\*ativc. since the tautomeric forms IV (keto) and 
V (enol) arc thcorclicaJly possible. Jlcthylation of 3'mcthyM- 
phcnylpjTazolc-fl-onc with diazomethanc results in the formation of 


C3r,c — au 


c,ir, 

IV 




VI 


the O-mcthyl (Icri\'ati\-c (this is also produced in a small amount 
when mellij'l iodide is used as Uic methylating reagent). This 
raivd some doubts as to the stnicturc of antip>Tinc, since for its 
formation, the tautomeric form VI must also be postulated The 
structure of anlip>Tine Aras slimvn to be that gis-en above by its 
6)Tilh«d5 from svTTi.-mcthylpbcnjIhydrazinc and ethyl acetoacetate. 

cir,c=t=CTi 
on CO 

Wtir* 

cn.hTi^ 

'KII 

iiiii 


CIIjCrc^CH 

I I + n,o + c,ir,on 

CIIjN 

I 

CiiU 
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§3b. Indflxolea (benxopyrazoles). Indazole may be pre- 
pared by the remov:^ of a moleccle of water from o-tolaenediaro- 
hydroxide in nentral solutiom (the yield is very poor). 



Indazole may conveniently be prepared by heating o-J'T-nitroso-W- 
benzoyltoloidine in benrene eolation. 





Indaxole, m-p, 146*“, exhOrits the same type of tantcanerism that 
exists in pyraiole, since tm> series of ^-d^vatives (1 and 2) are 
known : 



« I 


Nitration and snlphonation of indarole prodnee the S-substitotloo 
product ; bromtnation gives the 3:6-dibroino compound. 


GLYOXALINE GROUP 

This group of co mp o un ds is nlvi known as the iminaiolcs or the 
iimdaxoles. 

|3. Glyoxallne (Imlnaxole, Imldaxolo) Is isomeric with pyr^ 
sole, and occurs in the purine nndecs and in the amino-aad hlsh- 
dine ; 4-aminoglyoxaline-6-carboxamide occurs naturally as a 
riboside (or ribotide). 

Glyoxaline may be prepared by the action of a mm onia on gly* 
oxaL The TnftrhnriiTTn of tbig reaction is uncertain, but one sag- 
gestion is that one molecule of glyoxal breaks down into formic acid 
and formaldehyde, and t he n the latter reacts as follows : 
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(i) 0H0’0H0+H|0 »-H'OHO + H-(X)*H 


(D) 



NHj 

H-OHO 

NH, 



+ 3H,0 


A certain amount of support for this mechanism is given by tho fact 
that glyoxaline may bo prepared directly from giyoxal, ammonia 
and formaldehyde. 

A general method for preparing glyoxalines is by the reaction 
between an a-dicarbonyl compound, ammonia and an aldehyde 
(Radrisiewiky, 1882). 

B— 0*0 ^ BO N 

Y 


Glycncaline itself is best prepared by the action of ammonia on a 
mi x t ur e of formaldehyde and tarUric add dinitrate (*' dinltro* 
tartaric add"), and then heating the dicarboiyllc add thereby 
prodaced. 



Gfyoxalme, imp. 90®, is a weak base, but it is more basic fhgn 
pyraxole. Glyoxaline is a tautomeric substance, since positions 
4 and 6 are equivalent (positions 6, 4 and 2 have also been desig- 
nated a, p and /i, respectively). 



Methyl iodide attacks glyoxaline in potassium hydroride solution to 
form 1-methylgiyox^e which, when ttrongiy heated, isomeriso 
to 2-niathylglyoxaline (</. the Hofmann rearrangement ; toe 
VoL I). 
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y ^9^9- 

OH] 


An interesting method of prqaring 4(6)-inethylglyoxaline is by the 
action of zinc hydroadde and ammonia on glucose ; the reaction 
is assumed to occur xna the breakdown of glucose into methyi- 
glyoxal and formaldehyde, which then react as follow*: 



SNHj+CHfO 



+ 3H,0 


The glyoxaline ring Is extremely stable towards oxidising and 
reducing agents ; hydrogen peroxide, hmvever, readfly opens the 
ring to form oxamide. 



H,Ot ^ yONH| 
CONH, 


Acetyl chloride and acetic anhydride have no action on glyoxaCne, 
but benzoyl chloride in the presence of sodium hydroxide op*ru the 
ring to form dlbenroyldiaminoethylene. 

C N OH'NH'COOjIIi 

j| +2C,H*-COCl+3NaOH nH-COO,H, 


Nitration and sulphonation of glyoxaline produce the 4(5)-derivatfve. 
Electrophilic attack at positions 4 or 5 can be accounted for by the 
contributions of the resonating structures II and IV. Resonating 

I n in IV 


structure HI shows that position 2 should also be subject to clectro- 
phillc attack. This is found to be the case with halpgenation, *4^ 
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bromine reacts with glyoxaline in chloroform solution to give 
2:4:6*tribromoglyoialine. 



CHO^ 



+ 3HBr 


Glyoxaline couples with diazonlum salts in the 2-position, but 
alkyiglyoxalines do not couple at alL 

l^enxoftlyoxallnea (benslmlnosoles). Tbesc are readily 
formed by beating o-phenyleiiedlamines with carboxylic adds, $.g., 
benziminaiole itBclf (m.p. 170*) 1* produced by beating n-pbenylcme- 
diamirte with 90 per cent, forznlc add. 



OXA20LE CROUP 


$4. fro-OxazoIes. uo-Oxaxoles are formed by the dehydration 
of the monoximes of ^-dlketones or ^-ketoaldehydes. 



«o-Oxazole itself may be prepared by the action of hydroxylamine 
on propargylaldebydk 



Mt>-Oxazole is a colouricss liquid, b.p. 00“, and smells like pyridine ; 
It is weakly basic. iro-OxazoIes, substitnted in the 3:6-po5i- 
tions, are stable to alkalis, but when the 3-positian is vacant, the 
ring is opened to form ketonitriles [<f. oximes, §52f, 2g. VI). 
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54a. Oxazoleft. Oxaxoles may be p re pa red by the condensa- 
tion of add amides -with a-halogenoketones, e.g., acetamide and 
o-bromoacctopbenone form 2-inethyl-4-phenyloxaxole ; the mech- 
anism of the reaction is not certain, but it may occor through the 
end forms. 



CHBr HOO-OH) 




+ HBr + H,0 


A better method of preparation is the dehydration of a-aqdamldo- 
carbonyl compounds with sulphnric add or phosphorus penta- 
chlonciL 


CHr-NH 

R'io ocm' 



Oxazoles have bade properties similar to those of pyridine, tat 
are less resistant to oxidation. They possess aromatic properties, 
and the stability of the ring towards hydrolytic reagents depends on 
the nature of the substituents in the ring (c/. iio-oxasdes). The 
parent co m^ k- m nd, oxazole, has not yet been p re pa red. 

B^Oxazolones. The oxaiolones are keto derivatives of the 
oxarolines, the most important group being the 6-oxaioloncs or 
azlactonca. These ariactones are very important intermediates in 
the preparation of a-amino-adds (see 52 (vo), XIII) and keto- 
adds (see VoL I). 


54b. Bemoxaxoles. Theae may be prepared by the reaction ta 
tween o-aminopbenols carboxylic addi, t.g^ (j-aminophenol and 
formic add form bonxoxaxcie, m.p. 31*. 
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55 . Thlazoles. A general method for preparing thlarolcs is the 
condensation bet^veen a-halogcnocaibonyl compoiinds (particu- 
larly the chloro derivatives) and thioamides ; the mechanism of the 
reaction is imccrtain, bat it may occur throngh the cnol forms- 

K^-illCl /)*R H'OCl .OB 


Thiarole itself may be prepared from chloroacctaldchydo and 
thioforaiamide. 


<j[HO IpTi 


[on^ 

;01 £51 

m'^ 


+ii,o+Ha 


If thiourea or its substitution products axe used instead of thio- 
amides. then 2-aininothJ azoles ore produced, thiazole may be 
prep are d from chloroacctaldehyde and thiourea os follows ; 

t fm. — 

H8^ ^ 

O'.-, U" 

Another general method for preparing thlaxoles is by the action 
of phosphorus pentasulphidc on a-acylamidocarbonyf compounds. 


2-lIercaptothlazoles may be prepared by the condensation 
between a-chloroketones and ammoidum dithiocarbamate- 


S'* CHOI X>SNH; 


+ HjO+KHiCI 
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Thlazole is a weakly basic liquid, b.p. 117*; it ocean in 
vitamin Bi. It is a very stable compenmd, and is not affected by 
the usual reducing agents ; sodium and ethanol, however, open the 
ring to form thioU (or hydn^en aulphide) and Thiaide 

is very resistant to substitution reactions, but if a hydroxyl gro up 
or an amino group is in position 2, then the molecule is readily 
attacked by the usual electrophilic reagents to form b^bstitution 
products, 2-hydroxy-4'methylthiarole is rcadEy bromirrated 
in chloroform solution to give 6-bronio-2-i^rdroxy-4-methyl- 
thlazole. 



§5a. ThlaxoUnea. These may be prepared by the reaction 
between /?-balogen,oa mines and thioamldo, e,g., 


CH,-NH, NH 
» + H 

OH,Br 0-B 

HS 



+ 


NH4Br 


A characteristic reaction of the thiaxoles is tbdr ring opening by 
the action of adds. 



tJ'TuetfayltbiaxoUne S'aminoethanethlol 

§5h. TfaiazoUdines. These are readily formed by the condein 
sation of carbonyl compounds with cysteine. 


HOiOOT-KH, 

GHjSH 


+ R-OO-R 



The thiaiolidine ring is very earily opened, sometimes by boiling 
with water, or with an aqueous solution of mercuric chloride (see 
also penidllln, fOa. XVIII). 

§5c. Benzothlazoles. These maybe prepared by the action of 
add anhydrides or ddorides on o-aminothiophenois, bcnio- 
thiazole from o-omiixothioiAcnoi and fonnic add in the presence 
of acetic anhydride. 
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Benxothlaxoles are also formed by the action of phosjdionis penta- 
sulphide on o-Eicylamidophenols, e,g.. 



2-iIercaptobenzothiarole is a vulcanisation accelerator (§33a. 
VIU) ; it may be prepared as follows : 



55d. /foThlaiolwL Bonzwthiaxoles have been known for many 
years, but no derivatives of uothiatole itself have been obtained 
until very recently when Adams et aJ. (1060) prepared the parent 
co mp ound and a number of its simple derivatives, e.g., 




Cp,H »aocs 
COjH 



iioThiazolo is a colourless liquid which smells like pyridine. 


TRIAZOLE GROUP 

§6. Osouinzoles and trlozoles. Triazoles are five-membered 
rings which contain two carbon and three nitrogen atoms. Two 
structural isomeric trioroles are known, the l:2:3'(lt2:6-) and the 
1:2:4- (13:4-), the former being known as osoiriaiole, and the latter 
as IriutJt, Each exists in two dissimilar tautomeric forms. 
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HN, — flB. 


triaxo}« 


Replacement of tlie imino hydrogen atom by an alkyl or aiyl group 
prevents tantomerism, and thereby gives rise to the possibility of 
two N'-fiubstittited triarolea and two iV^substituted osotriaeoles. AD 
four types of componnda have been prepared, 

Oaotrlazole may be prepared by the reaction between acetylene 
and hj^diaxoic ad(L 



On the other band, a general method for preparing osotriaides is 
the condensation of azides with ^ketoestera, tg., phenyl aside 
and ethyl acetoacetate form ethyl 6-iDCth3d-l-phenylosotiiarole-4- 
carboxylate. 




N OCOiOA 

N )m., 

L 


+ H/) 


Derivatives of osotriazole may also be prepared by the oxidation 
of osazoncs with dichromatc and snlphnnc add, or with dilute 
copper sulphate solution, beniilo^one g^ve* l*,3:4«triphenyl- 
osotriaiole. 




G,H,*0-N 


The formation of osotriaioles from aogar osazoues provides a good 
derivative for the characterisation of sugars (see Voh I). 

Trlazolea may be prepared beating add hydrarides with 
amides, $.g., for my l hydrazide and formamido give triazole. 
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m 


NH, 

HCP =0 


+ JjfH 

Hjir 


N=«CH 
1 I +aHiO 
OH NH 

V 


Triaroles ore also formed when syw^-diacyOiydraiines are heated with 
ammonia or amines in the presence of zinc chloride, e^., sym.' 
dlacctyDiydrarine and methylamlne give l;3:6-trimethyltriazole. 


NH—NH 

on,- CO io-CH, 


+ 



OH,-d jlOHa 
'bn HO 




in. 



Both triaiolcs are weak bases, and ore very stable compounds. 
Benzotrlozole is formed by the oction of nitrous add on o>phenyl- 
enedlamine. 



§7. Oxodiozoles. Tbcio ore Cve-membered ring* containing two 
carbon and two nitre^en atoms and one oxygen atom ; four types are 
known. 



liJ- liTS- 1J:4- 

iTTirttiMli nrtdlttnfa oiadluol* «utU4csU 


Tbe furnznns (l:2:0-oxadiatoles) may be prepared by the action of 
sodium hydroxide on tbe dioxImes of a'dlketones. 



58. S}rdnoncf. The sj^inones were first prepared by Earl 
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a aJ. (1036) by the action of cold acetic anhydride on 7^-nitroso-A^- 
phcitylglydnca ; Earl formulated the reaction as follows : 


0,H,'N 


'^HO 


(CMrCO^jO 

l-HiO) 



Earl (1946) proposed the name sydnotu for compotind* of this type ; 
thus the above co m p oun d is N-phenylsydnone. 

Sydnones are white or pale yellow crystahine com p onnds, which 
are hydrolysed by hot 6 per cent, sodium hydroxide to the orlgiiial 
^■nftroso-W-arylglycine, and by moderately concentrated hydro- 
chloric add to on arylhydraime, formic add and carbon dioxide. 

The stmcture proposed by Earl is similar to that of a /Wactooe, 
but Balter rf ol. (1946, 1949) offered a number of objections to this 
structure, e^., 

Oi) A system containing fused thieo- and four-raembered rings 
would be highly strained, and consequently fa unlikely to be pro- 
duced by dch 5 rdratlon with acetic a^ydride ; ^lactones are not 
produced under these conditions, 

Cil) Many ^lactones are unstable to heat ; sydnones are stable 
and so the /fMactone structure fa unlikely. 

(Hi) If the ^lactone structure is correct, then sydnones should 
be capable of existing in optically active forms. Kenner and Baker 
(1046) pr epa red (-fj-^-ititroso-N-phenylalanlnc, and when this 
was converted into a gydnonc, the product was optically inactive. 
If Earl’s str uct ur e were correct, then the tydnone w^d be expected 
to be optically active. 



(Iv) The aryl nucleus in sydnones fa very resistant to substitution 
by electrophilic reagents. Since the above structure fa similar to 
that of an aiylhydrazine, this resistance fa unexpected. 

Baker rt al. (1946) therefore proposed a five-membered ring which 
cannot be represented by any one purely covalent structure ; they 
put forward a number of charged i tnictu res, the sydnone being a 
resonance hybrid, three charged resonating structures are: 



OH— 0-0 

.-I 


I 
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Now Simpson (1945) had proposed structore IV for 3-methyl-6:6- 
dlraethoxyanthiRnil ; Baker ei al. (1940) adopted this d: 
suggested that sydnones be represented by s Liu c tur e V. Baker 


m- 


Ar-N, 




+ 

N— ' 
V 


1-0 


also proposed the term meso-lonlc to descxibe the sydnone 
structure. Baker et al. (1066) have, however, revised the defini- 
tion of the term meso-ionic, and have proposed formula Vtf instead 
of V. This is based on the feet that sydnones are aromatic in 



character, and the circle and plus sign represent the sextet of 
rt-electrons In association with a positive charge (the *' aromatic 
sextet” is the essential feature of aromatic compounds). 

Dipole moment measurements of various sydnones have shown 
that the positive end of the dipole is situated on the nitrogen atom 
attached to the aryl group (Sutton d al., 1947, 1949 ; Le Fivre 
rt al., 1947). This is in keeping with Baker’s stn^ture. 

The meso-ionic stmetuxe would necessitate a planar, or almost 
planar molecule ; such a molecule would not be optically active 
(c/. hi above). Earl (1063) has suggested that, from the available 
e^^dence, sj^ones can be represented as a resonance hybrid, the 
two main contributing structures being VI and VII. 

. JDH— 0*0 

■C I ' 

^ 0 

VI VII • 

Sutton ei al. (1940), however, hav-o shown that VI probably con- 
tributes to the resonance hybrid, but to a lesser extent t b^n I. 11 
and III. 


^ GH-^0 
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AUophanlc add, NH,*CONH'CO^, Is not known In the free 
state, but many of its esters have been prepared: 

(i) By the action of chlorofonnates on urea. 

NH,<X>NH, + a*CO,R-> NH,COKH‘CO,R + HQ 
(h) By the reaction between nrethans and tyanlc add. 

HNCO + NH,*CO,K-vNH,*a>NH*CO,R 

The alkyl allaphonatea are wcD-defined crystalline congwands, and 
so axe faequently used to identify alcohols. They arc prepared by 
passing cyanic add vapoor into the dry alcohol; uretbans are 
intermediate products. 

ROH + HNCO -*■ NH,-CO,R NH,-CO-NH-CO,R 

According to Close al. (1053), aHophanate formation ocenrs via 
a concerted attack of two molecules of cyanic add to form a che l a t e 
intermediate. 



|13. Cyclic oreides. Many cyclic nreides are known; some 
occur naturally and others are ^mthetic (a nnmbex of cyclic ureldes 
— allcixan, allantoin, parabanic add and bydantoin — are discussed 
in §2. XVI, in connection with the purines, which are cyclic di- 
urddes). 

The cyclic urddes containing a sxx-membvrtd ring behave, in a 
number of ways, os pyrimidine derivatives. 

|l3a. Barbituric acid. A very important pyrimidine deriva- 
tive is barbituric add (malonylorea). It was originally prepared 
by condensing urea with malonic add in the p rese n ce of phosphotyl 
chloride {Gri/naux, 1879). 



HOA 

J 

Ho,(r 


PHf 




POO, 
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A much better synthesis is to reflux ethyl maJonate with urea in 
ethanolic solution in the presence of sodium ethoxide. 


O.HW\ CH.ON. 

cp + ~ 

TO, CjHflOjC 


■io 


2C,H,OH 


Barbituric add is a solid, nup. 263®, and is not very soluble in 
water. It is strongly addic due to enolisation (loctam-lactim 
tautomerism) ; some possible lactim forms are II-IV. Structure 
IV represents barbituric add as 2:4:6'trihydroxypyriinidine, and 





OH 

X 

'00. CO HC 

1 t 

11 

« 

V/ 

V 


II 

III 

IV 


:0H 


this structure has been proposed because of the addic nature of 
barbituric add- On the other hand, barbituric odd contains an 
active methylene group, since it readily forms an oximino derivative 
with nitrous add. Thus barbituric add beha\‘e5 as if it had struc- 
ture I, II or III. Furthermore, it is very diflBcult to acylatc hydroxy- 
pyrimklines containing hydroxyl groups in the 2-, 4 - or 0-positIons, 
thus indicating that structure I is more probable than 11 or III, 
This is sup p o r t ed by the fact that metbylation of hydroiypyri- 
mldines with, methyl iodide in the presence of sodium hydrojdde, 

resulti in the formation of 6^-methyl derivatives ; this indicates the 
probable presence of iraino groups. On the other hand, it is possible 
to replace three hydroxyl groups by three chlorine atoms by means 
of phosphoryi chloride ; this suggests barbituric add behaves as IV. 
Barbituric add also forms 0-alkyl derivatives, thereby indicating 
rtructures II, III and IV. 

Barbituric add can be nitrated and brominated in the 6-position, 
and also forms metallic derivatives (at position 6). By means of 
the sodlo derivative, one or two alk^'l groups may be introduced at 
position 6 (this reaction is characteristic of the — CH,*CO — group). 
Barbituric add and 6:6-dinicthyIbarbituric add have no hypnotic 
action. On the other hand, 6:6-dicthyIbarbituric add {Barbiione, 
Vfronol) has a strong hypnotic action ; It is best prepared as follows ; 
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C,H,0,0\ 

Cfo + ^0,H|), 



5-cydoHexyl“3:5-diinethyIbarUturic add (£p»y>an) is a better 
hypnotic than Barbiione and is not so toxic. 6-Ethyl-6-pbenyl- 
bartdtnric add {Luminalj is also used in medkme. 


§13b. Darlvatlvca of barbituric add. Vloluric add (5-oxi- 
minobaibitaric add) is fonned when barbituric add is treated with 
nitrons add ; it is the oxime of aJloxan (see §2. XVI). Viohmc 






add gives a violet colotrr in water, and forms deeply coloured salts 
with various metals, c,g., the potassium salt is blue and the mag- 
nesium and barium salts are purple. 

DUltnrlc add (6-nitrobarbitutic add) may be prepared by 
nitrating barbituric add with fuming nitric add, or by the oxidation 
of violoric add with nitric add. 



barbttnriB add diUtorio add vlolurk add 


Uramll (S-aminobarbituric odd) is fonned by the reduction of 
either dilituric odd or violuric add. 



dflitorio add nramfl ^ riolorio add 


Urajull may also be prepared by the action of annnonlnm hydrogen 
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snlpbite on aDoxEn, nncl tli^n bofling the product, thlonuric add* 
vrith water. 


CO Jm* 

f° + NH,-HBO, >- ^ iCojH 

V V 

alloxan Ihlontirio add 



ur&mil 


Dialurlc add (5-hydroxybftrblt\iric add) is produced by the 
action of nitrous on nramil ; it is also fanned when aHoxan is 
reduced with hydrogen sulphide or with dne and hydrochloric add. 



n wipifl dialorioacid aHoxao 


§14. Pyrimidine, m.p. 22-6*, b.p. I24®/768 mm., was first pre- 
pared from barbituric add as follows (Gabriel, 1000). 


'^CH poa, ^ ® Zw dwt ^ 

ciA^^oci 

pyrimidino 

Pyrimidine may also bo prepared by the oxidation of alkylpyri- 
mldines. foIlo\Ted by decarboxylation. A recent preparation is the 
catalytic reductive dechlorination of 2:4-dichloropyiimidine ; the 
latter is heated with hydrogen under pr ess ur e in the presence of 
Pd — C and magnesium oxide (Whittalor, 1963). 
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pyrimidine is neotial in solntioQ, but fonm salts with aoth. 
Pyrimidine is probably a resonance hybrid of the following resonat- 
ing stnictnres: 



Thus the ring is deactivated, and position 5 has the greatest elec- 
tron density (e/. nitrobeniene and pyridine, VoL I). It can there- 
fore be cxp^cd that attack by electrophilic reagents will be 
difficnlt, but attack by nndeophflic reagents (at positions 2, 4 and 
6) will be facilitated. Chlorine atoms at 2, 4 or 6 are readily re- 
placed by hydroxyl or amino groups, and an amino groop in pcsi' 
tion 2 or 6 is readily replaced by a hydroxyl grocp merely on b<^lizig 
with water {cf. vitamin Bj, |3. X\TT). 

When a hydroxyl or an amino groop is present in the pyiimidiDe 
nndens. the compotmd no longer behaves entirely as an aromatic 
derivative. The introdactian of hydroxyi or amino groups into 
positiora 2, 4 and 6 progres si vely dimini^fs the aiocoatic proper- 
ties of the compound {cf, barbitoric acid, §]3a, and madl, {16). 

Pyrimidine derivative*. A very important general method 
for fneparing p 3 uimidines is the condensation between /?-carb<myi 
ctHnpoands of the type R<X>CH,’COR', where R and R' ~ 
H, R, OR. CN, and aanpoonds having the amidfne stnjctnre 
R*C(« NH)-NHt, where R -» R (an amidinc), OH (area). SH or 
SR (thiourea or its S-derivative), NH, (gnanWine) ; the condensa- 
tion is carried ont in the presence of sodium hydrocrixle or sodhnn 
ethoiide. Thus : 


R*a + 
>NH 



>R*Q 


/RHx 



This general reaction may be fflostrated by the condensatkio of 
flTf-tgmtf^^ (R HI CH J With clhjd Bcetoacetatc (R' =» 
and R" «*» CHj) to form 6-hydroxy-2:4-dimethylpy rirTndTn e. 
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4:5-Diaininopyrimidinea, which are intermediates in purine 
synthesis (see §4. XVI), may be prepared by condensing forma- 
eddine with phenylaioinalonotrilo (Todd al„ 1&43). 



qj 

+ aH-N«=N*0,H, 

NO^ 


C4niOW« 




§15. Uracil {2;5-dihydrarypyrlmidine) is a hydrolytic product 
of the nucleic adds (§§13, 13b. XVI). It has been synthesised in 
many ways, e.g,, 

(i) Fischer and Roeder (1901). 




dlbydrouradl 


- B^i , 

Clli-COiH 



Oi) meeler and Uddle (1908). 

/NHi CfH|OiCv 

C3 4 

thiome* 


NaOi 
•odiofonnyl- 
acetic ett«r 


RH UH 
C8 m 

S-thknmcQ 


/CO 

bofl vrth 

tnmcli 


OH,SH-CO,H 
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Fcrar tautomeric stmetores are theoretically possibk for cradL 



I * n m IV 

The ultraviolet absorption spectnnn of uradl (in ethanol) is diffeieul 
from that of l:3-dimethylnradl (a derivative of I), from that of 0- 
methaiy-3-methyiirradl (a derivative of II), and from that of 
diethootyuradl (a derivative of IV). Thus uracil is probably III, 
and this is s up ported by the faot that the ultiaviolrt absorption 
spectrum of l-incth 5 ^tiradl (a derivative of HI) is similar to that of 
uradl (Austin, 1634). 


§16. Thymine (d-methylnradl, 2:6-dihydroxy-6-niethylpyrimi- 
dine) is a hydrolytic product of the nucleic adds. It has been 
synthesised by methods shrolar to those used for nradL 
(i) Fischer and Roedcr (1901) ; in this case ethyl methaojdite 
is used Instead of ethyl acrylate. 


^KH, C,H,0,C. 

TO, CT, 




meS) 




•E 


■^V 




roH, 

,GH| 


n 6 \ch, 
io CH 


HO 



(u) Wheeler and Liddle (1008) ; in this case sodioformylpropionic 
ester is used instead of sodiofonnylacetlc ester. 


C,H,O.C^ 

08 + 

^KH| NaOCJH 




C'CHj CH,C1-C0|H^ 


§17. Cytosine (6-aminouradl, 6 -ajnino- 2 -hydfOj.ypj'rIii iidrne ) i* 
a hydrolytic product of the nacldc adds. It has been synth esised 
by Wheeler and Jolmson (1903) starting from S-ethyiiwthioaret 
and sodioformylaatic ester. 
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PniAZlNES 

5 I 8 . Pyrazinea may be prepared by the seU-condensaticm of an 
a-aminoketone in the presence of an oxidising agent such as mer- 
coric chloride ; the intermediate dihydro compoimd is readily 
oxidise d to the pyrazine (Gabriel ^ aJ., 1893). 



Actually, only the salts of a-aminoketo compounds are known ; 
addition of alkali hTjcrates the free base which immediately forms 
a pyrnrine in the presence of m e r curi c chloride. 

Pyraxine Itself may be prepared from aminoacetaJdehyde (R ■=» 
H in the above equations). The best method, however, for pre- 
paring pyrazine is as follows (Wolff et cd., 1008). 


s'p-O' 

OH(OC:,H.), 

chloroaoetal 


+ NH, 


OH, 

(!h(OC,HJ, 


(JH, 

CH(00,H.), 


dlacoUlylomlne 



S:6-dihydn7Z7moipIioliDe 
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A convenient general method for preparing pjrazlncs is to heat an 
a^amino-add with acetic anhydride In the presence of pyridine, 
hydrolyse the product (an ocetamidoketone) with add and then 
warm with sodium hydroxide in the presence of mercuric chloride 
(Daldn ei al., 1028). This method Is thus rimflar to the first general 
method given above, but offera a convenient method of preparing 
a-aminocaxbonyl compounds. 




.0^ 


■NH-CO’CH, 


'00 -OH, 


yNHj'HOl 
■ R-OH 

vo-m. 


H>OH ^ 

0H,L jlR 


Pyroiine is a solid, tn.p, 55® ; pyrailnes (and pyraiine) are readily 
reduced by sodium and ethanol to hexahydxoJ^Turine# or piper- 
azines . Piperazine, imp. 104®, is a strong diadd base. 2: fi-Dl^to- 
piperazines are product from a-amino-adds (see H C. XllI). 



piperazine 


BENZODIAZINES 

519 . The following benzodlazines are theoretically possible, and 
all are known ; the first two are derived from pyridaririe, the third 
from pyrimidine, and the fourth from pyrazine. 



dnndlno phthal&xlne cjoinaxollne qulnaxallw 
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Phcnazine forms tmstabk salts (coloured red or yellow) in frrrpn of 
strong adds. Many dyes are derivEd from phcna7i^^ the 
safranines (see Vc^ I). 


DIAZINE8 CONTAINmO ONE NITROGEN ATOM 
AND AN OXYGEN OR SULPHUR ATOM 


§20. Oxazlnea. MorpMoUnt Is tetrahydro-l:4-oxaxine, and it 
may be prepared as follows i 



dJethftnnlftmtne 


Morpholine is a liquid, b.p. 128®, and is strongly basic. It is 
misdblfi with water in all pr op o r tio ns , and is widely used as a 
solvent. 

§21. Phenoxnzlnea. These are formed by condensing o-amino- 
phenols with catediols at 260®, e^., 



Phenoiaeines are also produced by the action of alkali on S-hydro^ 
2 -nitrodiphenylaminea, e^.. 



Fhenoxadne is a imp. 168* ; it is the parent substance of a 
number of dyes, Ag., Meldola’s Blue (see Vd. I). 
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p2. Thlaxlnes. Phatothicaina may be prepared by heating 
o-amlnothiophenob ^v^th catechols, e.g.. 



phenothiaxino 


Phenothiarine may also be prepared by fusing diphenylamine with 
sulphur. 



Phenothlflxine, imp. 185'*, U used as an insecticide ; it is the parent 
substance of a number of dyes, e.g.. Methylene Blue (see VoL I). 


TRIAZtNES AND TETRAZINES 

f23. Trlarlne*. Three triarinee ore tbeoretlcahy poaslble ; the 
parent conjpoands ore onknown, bat derivatives of each have been 
prepared. 

0 0 0 

LSJ-IRuIim; I 9;4-trlulM; > J'MRallse; 

Viic.*lrUiiac; CL>tnuiM; 

S'trlutM •-imaiiM CTuidte* 


Cwuiuric add, cyamelide and bcxamethylcnetetnimine are derivatives 
of jjTK.-triaiiDe (*00 Vol. I). 

f24. Tctrnzinea. Only derivatlw of two tetrazJnes are known. 

0 0 

OftXHruln* OH.>UtrulM 
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}26. Some important condensed Bysterps containing two fated 
betorocycllc eyatem s are : 

CO COjs 

pUrtdlM •OocbxIm 

These occur in natural producta (see Ch. XVII, Vitamins), 
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AIUNO-Acms AND PROTEINS 

§1. daaslflcfltlon of the amino-ecJds. When hydrolysed by 
adds, alkalis or enzymes, proteins (§6) yield a mixture of amino- 
adds. In practice it is better to use add or enzyme hydrolysis 
than alkaline hydrolysis, since in the former racemisation of the 
amino-adds is kept to a minimum, whereas in the latter complete 
racemisation is prodaced. Gumani et al. (195f)) have intitxluccd 
an imprtnTd method for the hydrolysis of proteins. The tissue 
is first dissolved In 86 per cent- formic add and then 2N hydro- 
chloric add is added ; oil the amino-add^, except tryptophan, are 
hTjerated within two hours- The number of amino-adds so far 
obtained from proteins appears to be about twenty-five, all of 
which except two are a-aminoadds ; the two exceptions are proUne 
and hydroxyproUne, which are imlno-adds (see list of amino-adds 
below). Ten of the omioCKidds are essential adds, i>., a defidency 
in any one prevents growth in young animals, and may even cause 
death. The omlno-adds are dasified in several ways ; the table 
on pages &16 and 640 shows a convenient dassification ; the letters 
S, I and e which follow the name of the adds indicate that the 
add Is respectively of general occurrence, leaser occurrence, and 
essential (to man). 

The a-amlno-adds listed in the table have been isolated from 
proteins. There are also a few oc-amino-adds (and which have 
been Isolated from natural sources, but not from proteins. 

(2. General methods of preparation of the amlno-adds. 
There arc many general methods for preparing a-amino-adds, but 
usually each method applies to a small number of particular odds ; 
JJ^any adds arc also synthesised by methods special to an indidduaL 
It should also be noted that very often a synthesis is a more con- 
\‘ement way of preparing an amino-add than preparing it from 
Oitural sources. 

(i) Amlnatlon of a-hnlogenated odds (Perkin ri al., 1863). 

{<) An a-chlon>- or brorao-add is treated with concentrated 
ammonia, e.g., 

Cll,a-CO,H + 2NH, -V CH,(NH J-CO,H + NH.O 
CIS 
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Hus method is convenient for the preparation of glydne, 
serine, threonine, valine, leucine and norkodne, 

(6) The yields obtained by the above method are variable because 
of ^e-reactions. Better yields are obtained by ttring GahrieFs 
pkikalimids syntAeri* (1889) with a-halogeno-adds (see also VoL I), 



(u) Streeter aynthesla (1860). A cyanohydrin is treated with 
concentrated lunmonia, and the resulting nTninivnitrile is then 
hydrolysed with add. In practice the amino-nitrile is nsuilty 
prepa red from the oxo compoimd in one step by treating the 
latter with on eqtiimolecular mixture of ammonium chloride 
and potassrum cyanide (this mixture is equjvalent to ammonium 
cyanide), e.g., 

CH,CHO CH,-CH(NH J-CO.H 

This method is useful for p re pa ring the following amlno-adds: 
glycine, alanine, serine, valine, methionine, glutamic add, l eodne , 
norieudne and phenylalanine. 

(iiu) Malonic ester synthesis. This method is really an 
extension of (i) a ; it offers a means of preparing a-balogeoo-aclds, 

R.CH(CO AHJ, R-CH(CO.H). 

R-CBr(CO,H) , R-CHBrCO,H S;- R-CH(NH,)-CO,H 

This method offers a means of p re parin g, from leadfly accessible 
materials, the following acids: phenyialanine, proHne, I«idne. 
tsdeudne, norieudne and methionine. 

The malonic ester ^mthesb may also be combined with the 
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Gabriel phtliallmldc synthesis to prepare phenylalanine, tyrosine, 
prolinc, cystine, serine, aspartic odd, methionine and I^-sine, 


Cystine. 

C,rT,*CH,6H + 1I-CH0+ HCl 


■-c;n,-cH|*s-cH,cn 


benxylthlol 


b^nxyllhiomethyl chloride 




p-CHDr(CO,C,Hi), 




N-Cfl(CO,C,lI*)i 

'co 






ciit-s-oiia . 





y(co,c,no. 

cni,-scii,-c,ir, 


fOjir 

i’-bcnryloyttelno 


NH,CHCH,SII 
(±) •cysteine 


NH,-cH-cir,-e-8-cir, 

(il'Cyitfoo 

Prolinc, 


),n 

•NH, 



l-CN,(C0AH|),+Dr(C3I,),Br- 



/ 


NC(CO,C,II,), 




\-CtCOAH0, 

/ r Cir,ci[,CTr,oii 

0 oiii-ciii-ciijO-co^r, 


S^ivtematic Kune I Formola 
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r)phenyl-4- 
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Acyiamido derivatives of malonic ester may also be used to 
synthesise ammo-adds ; the tisoal derivative employed is ethyl 
(Albertson, 1946). 

CH,(CO^,H0, HON=qCO,C,HJ, A 
NH,-CH(CO,C,H J , .g:?”,. 


CH,-CO-NH-CH(CO,C,H0, > 

ethyl acetamidomalonate ^ 

CH,*CO*NHCR(CO,CjH0, RK:H(NH^*C0^ 


The following adds may be prepared by this method: serine, 
leucine, valine, methionine, lysine, glntainlc add and ornithine. 

A spedal application of th^ method is the pr eparation of tryp- 
tophan from bcnzamldomalonlc ester and gramine methosulphate 
(Albertson ei oL, 1946; lisfaler d cU., 1946). 



af,'N(0H.),f60,0lS+ C,H,iX>-NH-CH(OOjC,H,), 



•C(CO|CtH|), n)H»0H 
KH-CO O.H. 



tryptophan 


A more recent method of preparing ethyl acetamidomalonate is 
to reduce orriminomalonic ester in a mixture of acetic anhydride, 
pyridine and sodium acetate with hydrogen in the presence of 
Raney nickel (Vignau, 1952). 

(nib). a-Amhio-adds may be synthesised by means of the 
Cnrtina reaction (see also VoL 1). 


CH,(CO,C,H,), 


COAHi 


M,K COjH 

BOH^ i!22l._R0H 

\x)NHNH, \oN, 

acid axJde 


C,H,OH 


,CO,H 


ROM 


NH-C0,0,H| 


R-CH(NH,)-CO,H 
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Glydne, alanine, phenylalanine »nd valine can be prepared by this 
methcxb . , , ,, , 

Instead of malonlc ester, the starting material can be ethyl 
cyanoacetate. 

ON - /DN 

CONHKH, 

ON -ON 

hhSvbCh'' J!J!i2!Ur-CH -!iS<_R.CH(NH,)-CO,H 

^ ''con, ^NHCO.CjH, 

Phenylalanine and tyrosine are conveniently prepared by this 
method. 

Another variation is the nse of the Hofmann degradation on 
ester amides (see also VoL I). 


enf 


CN 


^CO,C,H, 


CO,C,H, 00,0, H, 

R-OH;' -^R-Cr(^ ^R'OHCNH0-OO,H 

'CONH, TfH, 

(iiic) The Darapsky aynthetia (1936). In this method an 
aldehyde is condenid with ethyl cyanoacetate and simnltaneonsly 
hydrogenated; the product, an alkylcyanoacetic ester, is then 
treated as above (for the cyanoacetic ester method). 


.CN 


R-CHO+CH, 


'C0,C,H, 


R*OH,-OH 

^CO,C,H, 




R-CH.-OH^ R.CH,-OTfNH,)'C^ 

CON, 

pv) Amino-odds may be prepared by redndng a-ketonic adds 
in the presence of ammonia ; the redaction may be performed 
catalytically, or with sodium and ethanoL The mechanism of the 
reaction is iwt certain, but it probably oc cur s via the Imluo-add. 


R-CCKXI.H + NH, ^ 

N 


■rc-co.h’ 


NH 


R*CH(NHJ'CO,H 


This method works well for alanine and glutamic add. 
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Qrimes of a-koto-edds may also be reduced to a-amino-adds. 
The advantage of this method is that the codmes may readfly bo 
pr epared in good yield by the action of sulphuric add on a mirture 
of an alkylacetoacetic ekcr and an alkyl nitrite (Harhmg d al., 
1942). 

CH,<OCHR-CO,C.H, + RONO 

R-C-CO,C,H, + CH,-CO,H + ROH 

NOH 


The reduction of phenythydratones made by the action of a 
diazonhim salt on an alkylacetoacetlc ester alM may be used to 
prepare a-amino-adds (ef, the Japp-KUngexmann reaction, Vd. I) ; 


CH,-CH*CO,C*H, + 

I 

COCH, 

CH.-co.H + CH,-c-co,c,H,i^::^^^ 
N-NH-C,H, 

CH,-CH-CO.C,H, CH,-CH(NH0-COJB 

I 

NH, 

Thus alanine, phenylalanine, lendne, uoleudne, valine and h3^droxy- 
proline may be prepared in this way. 

Alkylacetoacetic esters may also be converted into a-amino-adds 
by means of the Schmidt reaction {sec also VoL I). 


CH.-COCHRCO.C^, + 

CH,<X)-NH-CHR*CO,C^, + N, RCH(NH,)-CO,H 

(vtf). The Axlactone synthesis {ErUnn^er syniJmis, 1893). 
Ariactones are usnally prepared by heating an ar om a t ic aldehyde 
with hlppcric add (bcntoyiglydno) in the presence of acetic an- 
hydride and sodium acetate, e^., bcnialdehydo forms bensoyl-a- 
aminocinnainic ailactone (4-bcnr3rUdene-2-phenyloiaxol-B-one). 


O*Hj’0HO + OT,'CO|H 
' NH-CO-CI.H, 


O.H,'CIIfcO jCO 

- - V 
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This reaction is usnally referred to as the Erlenmeyer axlactone 
synthesis. Accturic add (acetylglydne) may also be used instead 
of hippuric add. Furthennore, it has been fonnd that aliphatic 
aldehj^e* may condense with hippnric add to form ailactones 
if lead acetate is used Instead of sodlnm acetate (Finar d al., 
1949). 

^Vhcn azl act ones are wanned with one per cent sodium hydroxide 
solution, the ring is opened, and if the product is reduced with 
sodium amalgam follo?^ by hydrolysis with add, an a-amlno-add 
is produced, 


V 

i.Hi 


=9 00ja 

NH-CO’<\H, NH-CCKVa, 


-SS.- Cl,H,-0H,'CIH(NH,)-0O,H + C,H,-00,H 


The aglactone fyntbesls offers a convaiient means of preparing 
pheoyialanfne. tyrosine, tryptophan and thyroxine. 

(v6) Aromatic aldehydes also condense with hydantoin, and 
redaction of the product with sodium amalgam or ammonium 
hydrogen sulphide, followed by hydrolysis, gives an a-amino-add, 
^g’> tryptophan may be prepared by first converting indole into 
indole-^alckhyde by means of the Rdmer-Tiemann reaction (see 
VoL I). 
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This method has been improwi by using acetylthiohydantoin 
instead of hydantonL 

acetylthloliydantolD 

The above method may be used to prepare phenylalanine, tyrorine’ 
tryptophan and methionine. 

Another modification of the h3rdantom ^thesis is the BOcherer 
hydantoln syntheaU (1&34). In this method an oxo compound 
is converted into the cyanohydrin and this, on treatment with 
ammonium carbonate, produces a 6-«nbstituted hydantoln whkh, 
on hydrolysis, gives on a-amino-add, 

K-OHO + HON R OHOH-ON — ‘ 

NH-CO 


R-OH(NH,)<X),H 

(vc) Anramtic aldehydes may bo condensed with diketopiperarine, 
and the product converted into an amino-add by beating with 
hydriodic add and red phosphorus, Ag., 


20,H,-0H0 + 


/CO,^ 

NH (j)H| (cH,-co)iO^ 
CH, NH 




=OH'C,H, 


0,H,'CH-=d NH 

tx/ 


‘ aC,H,-0H,-0H(lfH,)-OO,H 

Phenylalanine, tyrosine and methionine may be prepared by this 
method. 

§3, Isolation of Eunlno-actdB from protein hydroljrsatei* 
Man y amino-adds can be detected colorimetrically, and these colour 
reactions have now been developed for quantitative es timatio n. 
Also, amino-adds containing a benzene or pyrrolidine nndeus have 
characteristic absorption spectra ; thus the presence of such adds 
can readily be ascertained. 

The actual quanHiative iscAaiUm of amino-adds from their mixtures 
is a difficult problem. The earliest method was the fracti on a l dis- 
tillation of the amino-add esters in vacuo (Fischer, 1901). This 
method is very little used now, and is only satisfactory for the 
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neutral amino-adds those containing one amino-group and 
one carboxyl group). 

Neutral amino-adds may be extracted by fi-butanol saturated 
with water, and then separated by fraction^ crystallisation or by 
the fractional distillation of the esters. After the butanol extrac- 
tion, the residue may be treated with phosphotungstic add, where- 
upon the basic amlno-adds ore prcdpitated (Daldn d al., 1913). 

A number of individual amino-adds can bo obtained by means 
of selective predpitatlon as salts, lysine is prcdpitated by 
picric add 

Mixtures of amino-adds may be separated into fractions consist- 
ing of the neutral, basic and addle adds by means of the elsctrical 
iranspori mdhod. In this method a P.D. is applied to the mixture 
at the proper fH . ; the basic adds (positively charged) migrate to 
the catho^ compartment, the addle adds (negadvdy charged) 
migrate to the anode compartment, and the neutral adds remain 
In the centre compartment. 

The most satisfactory general method of separating the amino- 
adds is by means of partitioa chromatography of the acetamido- 
odds (Ma:^ d al., 1^1-). The dinitrodiphenylaiiiino-adds have 
also been, separated in this way (Sanger d al., 1946, 1048 ; see 
also $11). 

A very interesting analytical method is the nicrobiolcgi^ astay. 
This depends on the fact that micn>-organisms can be " trained " 
to feed on a specific amlno-add in the nutrient medium. The 
rate of growth of the micro-organism is first measured by breeding 
in a medium containing the particular amino-add, and then the 
rate of growth is measured In the mixtnre of amino-adds to be 
analysed. In this way it is possible to determine the amounts of 
various amino-adds hi protein hydrolysates xnihovl isolation of 
the adds. Another method of an^j^ds is that of isotopic dilution. 
Suppose the amount of glydne is to be estimated, A weighed 
amount of labelled glydne is added to the hydrolysate, and then 
glydne is isolated by one of the standard methods. The amount 
of labelled glydne in this spedmen Is now measured, e.g., say it 
is 1 per cent. Thus for every 1 g. of labelled glydne there are 
90 g. of ordinary glydne. Since the freight of the added labelled 
glycine is known, the total weight of glycine in the mixture can 
therefore bo calculated (see also VoL I). 

$4. General properties of the amlno-adds. The amino- 
adds are colourless crystalUne compounds which are generally 
soluble in n-ater but sparingly soluble in organic solvents ; most 
melt with decomposition, but Gross d al. (1056) have sho^ that 
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sublimation is possible with a number of amino-adds. All except 
glycine contain at least one asymmetric carbon atom, and aH (ex- 
cept glydnc) occur naturally in their optically active fonns. It has 
been shown that the a-carbon atom, t.e., the carbon atom attached 
to the amino-gronp, has. in almost all tlie amino-adds, the same 
configuration as l(— )“glyccraldehyde- The specific rotation of the 
amino-adds depends on the pH of the solution, the tempemticre, 
the presence of salts and the nature of the solvent (see §12, I). 
The racemic amino-odds may be resolved by first fonnylat^ and 
then resolving the formyl derivatives vta the salt with an optically 
active base, and finally removing the formyl group by hydrolysis 
(see also C i). Alternatively, raccmJc nmtno-odds may bo reached 
by means of enryroes (see §10 iv. II). As pointed out above, the 
natural amino-adds are L ; these are obtained by add or ensymic 
hydrolysis of proteins. Alkaline hydrolysis of proteins gives the 
DL-amino-adds (§1), and so does the synthetic preparation ; it is 
by resolution of the synthetic race^ mod^cation that the 
D-omtoo-adds are /reqnentiy prepared. 

The symbols d and l are used for the configuration of the cc-carbon 
atom (see above), and the lyunbols (-f ) and (— ) are used to indicate 
the direction of the rotation (</. f5. II), When two asymmetric 
centres are present, then o and l still iWer to the a-carbon atom, 
and the naittrtUly occurring acid h known as the L-amino-add. Ihe 
<tih>-form is the name given to that form in which the configuration 
of the second esymmeiric carbon tdom is inverUi, i(— )-threoiihje 
(the naturally occ ur ring form). D{-f)-threonine, L-d/othreoniao and 
D-dfothreonine. 

NHr<J“H H-C-NH, 

H-C-OH no-o-H 

(iH, in, 

L(-)-tiuwnloo D(+)-thr«mlM 

Since they contain amino and carboxyl groups, the amino-adds 
possess the properties of both a base and an add, ia, they arc 
amidiotcrlc. 

A. Reactiona due to the nmlno-ftronp. 

(i) The amino-adds form aalti with strong inorganic adds, eg., 
a{H.N-CH.€0,H. These «lhi are nsnsBy iparingly solnhle fa 
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water, and the free add may be liberated from its salt by means 
of a strong organic base, e^., pyridine. 

(u) Amino-adds may be oce^lated by means of acetyl chloride 
or acetic anhydride. 

R-CH(NH0-CO,H + (CH,‘C0),0-*- 

R*CH(NH-CCKHJ*CO,H + CH,-CO,H 

Similarly, benxoyl chloride produces the benzoyl derivative. These 
acylated derivatives are addic, the basic character of the amino- 
group being effectively eliminated by the presence of the negative 
group attached to the n i troge n . It ihonld also bo noted that the 
carboxyl group of one molecule can react with the amino-group of 
another molecule of an amino-add to form a peptide (see §9). 
Sanger (1046) has shown that l-flnon>-2:4-dinitrobenzene combines 
with ainino-adds to form dinltrophenyl derivatives (see §11). 

(iff) Nitrons add liberates nitrogen from amino-adds. 

R*CH{NH0-CO,H + HNO,-*- R*CHOH'CO,H N, -f- H,0 

The nltrc^en Is evolved quantitatively, and this forms the basis of 
the van Slyke method (1911) for analysing mixtures of amlno- 
tdds. 

(iv) Nitrosyl chloride (or bromide) reacts with amino-adds to 
form chloro- (or bromo) adds. 

R‘CH(NH0-CO,H + NOa RCHa-CO^H + N, + H,0 

(v) When heated with hydriodic add at 200®, the amino-gr oup 
is eliminated with the formation of a fatty add. 

R-CH(NH J-CO,H R-CH,-CO,H + NH, 


D. Reactions duo to the carboxyl group. 

(I) Amino-adds form salts ; the salts of the heavy metals are 
chelate compounds, e.g., the copper salt of glydne (deep blue needles) 
is formed by heating copper odde with an aqueous solution of 
gljxine. 

air-:tir7 ^^ 0 — co 

The aminoadds may be liberated from their alkali salts by treat- 
ment in cthanolic solution with ethyl oximinocjwioacetato (Golat, 



650 ORCAKIC CHEiaSTHY [CH. Xm 

(H) When heated with an alcohol In the prescQCc of dry tydrogen 

chloride, amino-adds form ester hydrochlorides, 

NH.CHj-CO^+C^.OH-i-Ha ClfHjN-CH.-CO^rf H,0 

The free ester may be obtained by the action of aqneons sodhmi 
carbonate on the ester salt. The esters are fairly readily hydrolysed 
to the amino-add by aqueous sodium hydroxide (even at room 
temperature). These estOT may be reduced to the amino-alcohols 
by means of sodium and ethanol, or bytirogenated in the presence 
of Raney nickel. Anri no-adds may be reduced directly to the 
amino-alcohol with Hthhnn aluminium hydride, and in thk case no 
racemisatiem occurs (Vogel d a/., 1052). 

RCH(NH0*CO^ R*CH(NH0-CH,OH 

(ui) \Vhcn suspended in acetyl chloride and then treated with 
phosphorus pentacfaloride, amino-adds form the hydrochloride of 
the add chloride, 

R-CH(NH,)‘CO^ -I- Pa.-*-a{H,N-CHR*COa -f poa, 

(iv) Dry distillation, or better by heatiDg with barium oxide, 
decarboxylates amino-adds to amines. 

R*CH{NH,)<X).H R-CH,*NH, + CO, 

(v) When heated with acetic anb3?dride in pyridine solution, 
amino-adds are converted Into metl^l g-acetamidoketones (Daldn 
d aL, 1928; see also §18. XU). 


R- 


o/"’- 


fOt>-CO),0 

“qTu?* 


KHCOCH, 

R-CII^ 

cocir. 


C. Reactions due to both the amino and carboxyl groups, 
(i) When measured in aqueous solution, the dipole moment of 
glydne (and other amino-acids) is found to have a large valne. 
To account for this large value it has been suggested that glydne 
exists, in solution, as an inner $aU : 

NH,*CH,-CO,H + H,0 NH,-CH,-CO, + H,0 
Such a doubly charged ion is also known as a itriUerion, empkdyit, 
or a dipolar ion. This dipolar ion structure also accounts for the 
absence of acidic and basic properties of an amino-add (the carboxyl 
and amino-gronps of the same mokcnle neutrafise each other to 
form a salt). The pr oper ties of crystalline glydne, #.g., its Ugji 
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melting point and Its insolnbiUty in hydrocarbon solvents, also 
indicate that it exists as the inner salt in the solid state. 

Each amino-add has a definite at which it does not migrate 
to cither electrode when a P.D. is applied. This is known as 
the Isoelectric point, and at this point the amino-add has its 
lowest solubility. 

Owing to thdr amphoteric character, amino-adds cannot be 
titrated directly with alkali When lonnalin solution is added to 
glydne, mcthylcneglycinc is formed. 

NH,-CH,-CO,H + H*CHO-»-CH,=iq*CH,-CO,H H,0 

Althongh some methylcneglyctoc b probably formed, it appears 
tliat the reaction is more complex ; the main product appears to 
be dimcthj^olglydne. 

NH,*CH,*CO,H -f- 2H-CHO-V (CHiOH),N-CH,*CO,H 

These glydne derivatives are strong adds (the basic character of 
the amino-group being now suppressed), and can be titrated with 
alkali This method is known as the S^enun fcrmol tUraiion. 

(u) When heated, a-amlno-adds form S'.fi-dikctopiperaxines ; 
cstciB give better yidds ; Ag., diketopipaurino from ^ydne carter. 


Uf'COAHi NH, 

+ I 

CjiijOjC'Cni 


NH, 


^■<XK 


,NK + !!C,H,OH 


(iii) AT-alkyl or arylamlno-adds form W-nitroso derivatives with 
nitrous add, and tlicso may be dehydrated to sydnoncs by means 
of acetic anhydride (see §8. XIl). 


Ari( 

'^KO 


R 

.hii-co,u 


(OlltOliO. 



fiv) Betaines. Theso are the trialkyl derivatives of the amiao- 
odd, ; betaine itKU may be piepored by heating gijxinc with 
methyl Iodide in mcthanoUc solution. The betaines exist as dipolar 
ions ; thus the formation of betaine may be written ; 
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Bettine is more conveniently prep t re d by wanning an aqomoi -V 
solotkin of cblosoacetic add with trlmethylamine. - f •‘ •4 

(CH,)^ + aCH.KX)^-^ (CHO^OT.-COi + HQ 

Betaine is a solid, m.p. 800^ (with decompo si tion). It ocazn io . ' - 
natore. espedaOy in {dant jaio& It behaves as a base, ag., with 
bydrodbbTic add it fonns the stable aystalliDe hydrodiiodde, 

§ 6 . Thyroxltte (thyroxiii). Thynndne is a honnone ; it fa the 
active pxhKjfde of the thyndd gland and was hist faolattd by . 
Eendall (1919). It was later isolated by Haiington (1930) as a 
white crystalline solid. nLp. £35*, with a l av oro ta tioa. 

The f tru c Uir e of t hyr o xi ne was estabhsbed by Harington (1920). '■ 
This anthor showed that the moJecnlnr forronla of thyroxiDe fa 
Cj|Hu 04 Nl 4 . When treated In altalinfi solntion with hydrogoi 
in the pf c se ace of coQoldal paBadlmn, the iodine in thyroxine fa 
replaced by hy dr ogen to form thyronine (tliyiunln), CxtH^iO^. 
This behavea as a ^dunol and an a*anniu>add. On fnskn with 
potasaram hydroxide in an atmosphere of hydrogen, thyronine girts 
a mixture of jMi y d raxy faenxoic add, qninol, oxaHc add and am- 
monia. When fused with potassium h 3 droiide at 260*. tlq^nmine ‘ 
gives ^ ydroxyb entoic add, quinol and a compound with the 
molecular formula CiyHnOy (H). A structure for thyiouine wbidi 
would give all these products is L 



tbyronioe 


Thyranine (psoviiionally struc ture I) was subjected to the Hefintnn 
exhaustive methyiatioQ (see f4. XlV) and the product therd^ 
obtained was then oiidis^ The ftrial product would be HI (00 
the assumption that I b thyronine). 

m 

The st r u c tur e of HI was coofinned by ^mthesfa, starting from 
^‘bromoanisole and jt-ciesoL 
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Furthermore, when 4-mcthox5*^'-raethyldiphcnyl ether is heated 
with hydriodic add, compoond II (C|,HitO, ; see abo\*e) is obtained ; 
thus the structure of II is also established. 


HO CHI, 

n 

Now when thjTOxinc Is fused with potasdum hydroxide, no 
^h}*drox>'benxolc add is obtained ; inMead, compounds of the 
pjTogallol tj’pe are formed. These facts suggest that two atoms 
of io^e are adjacent to the hj-drosj-l group, and that the two 
remaining iodine atoms are In the other benzene ring. This, 
leather with the analog}' with di-iodot}TOsine, leads to the 
suggestion that thyroxine is I^^ 


I 1 

no I-CO,H 


rv 

thjTcndne 


Nil, 
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This structure for thyroxine has been confirmed by synthesis 
(Harington d al., 1027). 




►CHjO 




OHO 


C.Hi-CO-KH-CHt‘CO>H 



I r 

^ ho^3^^3^oh,.jh-oo^i 

i ' I JJH. 

(±) -thyroxins 


The racemic modification was resolved via the formyl derivative 
(Harington, 1038). 
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The synthesis of thyrojdne has been improved, e.g., by Hems 
d al. aW9). 



L-tyrotin® 


f.)(ati-co)TO-N«o» ^ 

(HI c,ii,0H;ai. ^~S sOiH 



-COAHi 

I 

'NH-CCM3H, 


'■ 0 ° 


CHj o sOiO: bm 


01} NiNOt-HiKk 



(I) 



L'th3rrtixiae 


The thyroid gland also contains 3:5-di-iodotyrosine, and this 
compound is believed to be the precursor of thyroxine. 


PROTEINS 

/^. General nature of proteins. The rtsjatproi^n was intro- 
duced by Mulder (1830), who derived it from the Greek word 
protCTos (mcaning/fsO* Proteins are nitrogenous substances which 
occur in the protoplasm of all animal and plant ci»n<. Their com- 
position varies with the source ; an approximate composition may 
be giv^n as : carbon, 47-60% ; hydrogen, 0-7% ; oxygen, 24-25% ; 
nitrogen, 10-17% ; aulphur, 0'2-0-3^ Other elements may also 
be present, e.g^ phosphorus (nudeoproteins), iron (hienK^obin). 

luteins are colloids and haw no characteristic melting points ; 
some haw been obtained in crystalline form. AH proteins are 
optically actiw (lanTTrotatory), their actlrity arising from the fact 
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that they are complex tubstances boilt up of amino-acHb, It 
appears Iflccly that all enzymes are proteins (see §12); many 
hormones are also proteins, insulin^f 
Proteini may be coagulated, i.e,, precipitated frreverBibly, by 
heat and 1^ strong inorpmic adds and bases, etc. When proteiio 
are precipitated irrevcidbly, they are said to be itiudured, but 
the chemical changes that occur in this process are itili uncertain. 
Proteins may be predi^tated by ethanol or concentrated sohtkaB 
of ammonium sulphate or sodium chloride. In this case, the 
precipitation Is reversible, ix., the predpitated proteins may be 
redissolved; thus they are not denatured by these reagents. 
Proteins are also precipitated by the salts of the heavy metah, 
s.g., mercuric chloride, copper sulphate, etc., and they give many 
characteristic colour reactioni with various reagents, e^., 

(I) Biitrft redctian. Addition of a very dilate solution of copper 
sulphate to an alkaline solution of a protein produces a red or 
vkiet colour, 

(ii) iliUm’s naditfti. When a solution of mercuric nitrate con- 
taining nitroos add is added to a protein solution, a white precipitate 
h formed and slowly turns pink. 

P) XisdkoproUk rtaction. Proteins produce a yeflow colour 
wl:^ treated with concentrated nitric add. 

ProteiDS are amphoteric, thdr behaviour as an anion or a catioo 
depenedng on the of the solution. At some definite pK, char- 
acteristic for each protein, the solution contains equal amounts of 
anion and cation. In this condition the protein is said to be at 
its isodtdric point, and at this the protein has its least solubility, 
u*., it it most re^y predpitated [cf. amino-odds, §4- C i). "Ihe 
osmotic pressure and viscosity of the protein solution txe also a 
mmimnm at the Isoelectric point Ihe amphoteric nature of 
proteins is due to the presence of a largo number of free addic 
and basic groups arising from the amino-add units in the molecnJe. 
These groups can bo titrated with alkali or add, and by this meant 
it has been possible to identify addic and basic groups belonging 
to the various amino-add units (see also §11). 

The molecular weights of proteins have been determined by 
means of the ultracentrifuge, omnotic pessure measureroents, X-ray 
diffraction, light scattering effects and chemical analysit. 
Chemical methods are based on the estimation of a particnlir 
mnt-flm* cyatzue hcnce the eatimatiofl of 
the percentage of tbU amino-add and of sulphur wiii lead to the 
evaluation of the mnlecnlar weight of casein. The most reliable 
values of the moleailar weights are those obtained by the 
centrifuge method ; the values recorded vary conilderaMy for the 
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individoal proteins, ranging from about 40,000 for egg albumin to 
about 6,000,000 for harmocyanin. 

§7. Clasalflcatlon of protein*. Several arbitrary classifications 
of the proteins are in use. One method is based mably on physical 
properties, particulariy solubility. 

A. Simple proteins. These give only amino-adds on hydrolysis. 

(J) AGntmins. These are soluble in water (and in adds and 
anralk ), and are coagulated by heat. They are precipitated by 
saturating their solutions with ammonium sulphate. 

Albumins are usually low or defident in glydne ; some albumins 
are serum albumin, egg albumin and lactalbumin. 

(ii) Globulins. These are insoluble in water, but are soluble in 
dilate salt sdution and in dilate solutions of strong inorganic adds 
and aIVnIU. They are precipitated by half saturating their solutions 
with ammonium sulphate, and they are coagulated by heat. 

Gbbulins usually contain ^ydne; some typical globulins are 
serum globulin, th^e gbbulin and vegetable globuhn. 

(Hi) ProUanina. These are insoluble in water or salt solution, 
but are soluble in dilate adds and alkalis, and in 70-90 per cent 
ethanol. 

Prolamines are defident in tyaine, and contain large amounts of 
proline ; some prolamines are xein (from make), gliadin (from wheat) 
and hoidetn (from barley). 

(Iv) GUddins. These are insoluble in water or dilute salt solation, 
but are soluble in dilate adds and alkalis ; they are coagulated 
by heat 

Some g^utelins are glutenin (from wheat) and oxyienin (from rice). 

(v) ScUroproUins [gUntmintAds). These are insolnhlc in water or 
salt solation, bat are soluble in strong adds or alkalis. 

KTamplw : keratin (from hair, hoof), fibroin (from silk) ; these 
are not attacked by enrymes. 

Snbmembers of the sderoproteins are : 

(а) CoUogtns (in skin, tendons and bones) ; fhese form gelatin 
(a water-soluble protein) when boiled with water. Collageiis are 
attacked by pepdn or tiypdn. 

(б) EUsiifts (in tendons and arteries) ; these are not converted into 
gelatin, and are attacked slowly by trypsin. 

(vi) Basic proteins^ These are strongly baric, and fall into two 
groups. 

(fl) Hisionts. These are soluble in water or dilnte adds, but are 
insoluble in dilate ammonia. They are not coagulated by beat, 
and contain huge amounts of hWdine and argimne. Histonei 
are the proteins of the nucldc adds, hemoglobin, etc. 
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(6) ProUmina, These are more basic than the histones and have 
a aimpler stnicture. They are soluble in water, dilute and 
dilute amnionia : they are not coagulated by heat, and are precipi- 
tated from solution by ethanoL Thty contain large amounts of 
arginine, and occur in various nucleic adds, 

B. Conjugated proteins are proteins whldi contain a non- 
protein group {%^, a co mp ound not containing amino-add resHoes) 
attached to the protein part. The non-protein grorq) is known as 
the prosthetic group, and It may be Beparated from the protein part 
by careful hydrolysis. 

(i) Nucleoproteitu, The prosthetic group is a nuddc add, 

(11) Chronioproleins. Thc^ are characterised by the presence of 
a metah e.g.i iron, magnesiani, copper, manganese, cobalt, etc. 
Giromoproteina may also contain a coloured prosthetic group. 
Examples : chlorophyll and hiemoglobin. 

(ili) Glycoproteins. In these the prosthetic group contains a 
carbohydrate or a derivative of the carbohydrates. 

(Iv) Phosphoprotdns. These are conjugated proteins in which 
the prosthetic group contains phosphoric add in some form other 
than in the nucleic adds or in the lipoproteios. 

(v) Lipoproteins. In these the proethetic group is ledthiii, 
kephalin, ^c. 

(vi) MetdUoproieins. These are heavy metal-protein complexes | 
all the heavy metals can form comply ions with proteins, 
cnldnm caseinate occurs in blood. 

C. Derived proteins are degradation products obtained by the 
action of adds, alkalis or enzymes on proteins. 


Protein ► Denatured proteins ; insoluble proteina formed 

j. by the action of heat, etc., on proteins. 

Primary proteoses {metaproteins) ; insoluble In water or dilute salt 
solution, but are soluble in adds or a lkalh . 
They are predpitated by balf-saturaticm 
with ammonium sulphate. 

Secondary proteoses ; soluble in water, not coagulated by heat, and 
I are predpitated by aaturatino with am- 

1 monium sulphate. 


Peptones 

\ 

Polypeptides 

\ 

Simple peptides^ 
Amino-acids 


These are soluble in water, not coagulated by he^, 
‘ and are not pr edpitated by saturation with 
ammonium sulphate. 
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§8. Strncture of the protelna. Proteins are hydrolysed by 
adds, alkalis or by snitablc cniymes to a niixttiro of ami^addi 
About twenty-five adds have been definitely isolated ; all or only 
some of these adds may be present In a given protein, and their 
proportions vary from protein to proteim 'Fischer (1902) and 
Hofmeistcr (1902) suggested that amino-adds in proteins arc joined 
in a Umar fashion by peptidt linkages, by the — CO’NH — 
gr oup , the carboxyl group of one amino-add molecule forming an 
amide by combination with the amino-group of the next amino-add 
molecule, etc. \Vhen a relatively small number of amino-adds are 
linked together (as amides), the resulting molecule is called o-Peptidc, 
tVhen a relatlvdy large number of amino-add residues are present 
in the molecule, then that corapotmd Is called a pdyp^piide. Pro- 
teins are far more complex than the polypeptides- Thus, on this 
basis, a protein molecule may be represent^ as a linear polymer 
of amino-add molecules. 



The examination of the infra-red absorption spectra of various 
synthetic polypeptides has shown the presence of the peptide [ia., 
amide) link, and that these Hnia are at positions expected for them. 
Furthermore, it has been shown that proteins of the keratin type 
have bands characteristic of the peptide link (Darmon d td., 1947). 

Since some amino-adds contain two amino or two carboxyl 
groups, it is therefore possible to have fru amino and carboxyl 
groups at various positioiH along the ch^, ix., the group R may 
contain a free amino or carboxyl group. Since the hydrelytis of 
certain protefns leads to the formation of ainmonia, it has been 
conduded that in addition to free amino and carboxyl groups, 
there are also some carbonamide groups, — CONH^ X-ray analysis 
has confirmed the existence of these polypeptide chain <_ Further- 
more, these chains arc arranged in a three-dimcnsioual lattice, the 
chains being held together, to a large extent, by hydrogen bonds, 
C hibn all (1942) has suggested that protein molecules may bo com- 
posed of several aeparaU long paiihel rhaint, In this cayf the 
chains are bdd togetlier by cemdtni bonds \ it is possible for the 
carboxyl group on one chain to form links with an amino-group 
on another chain (R may contain either of th«e groups). 

On the other hand, when the protein contains cystine, there fa 
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a pcasibibty that the choiiu are cruss-iinJud 
canisatioQ of rubber, §33*. VIII). 


vU sulphur (^, vul* 


NH 

OHr-c^ 
im m 

\ / 

^tehis have been found to be of two types, /Jfwu and fioWir. 

In fibrous proteins the polypeptide chains are extended. In some 
coses, however, the chains are apparently " coiled and these may 
be extended by the application of a force. The nature of the coiled 
structure is uncertain, but two configurations have been prtposed 
UTOch agree reasonably well with Information obtained from infrt' 
red spectra, X-ray data, bond lengths and bond energies. Accord- 
ing^ Ambrose d aL (1949), the pol y pep ti de rhaln fe folded into 
a series of seven-membered rings, the folds of the cJiafn bring 
s^HIised by hydrogen bonding ; in the natural fibre, a number 
of these folded chains are cross-linked (see above), 

R " i k 

On the other hand, Pauling tt (1901) have proposed a colled 
chain in the form of a containing either S'? or 0*1 arid residues. 

The folded (coiled) form of a fibrous protein is known as the 
a-fonn, and the extended as the fi-iarm. Elliott ri ri. (1901, 1953) 


\ 

r 

CO 

'bH-CHr-fi-B- 
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have observed that the frequency of the CO stretching mode in 
synthetic polypeptides and natural proteins depends on the con- 
figniatiou of the polypeptide chain. Thus this offers a meaim of 
distinguishing bctwe^ the a- and ^forms. 

The globular (corpuscular) proteins are more compact than the 
fibrous proteins, but their shape Is not spherical; e.g.. X-ray 
studies have shown that hiemc^bbin has a cylindrical shape. The 
arrangement of the polypeptide chflrnft in these globular proteins 
is still uncertain. An interesting point in connection with globular 
proteins is that infra-red methods may be used to detect the presence 
of caiboxylate groups in them at the isoelectric point (Ehrlich 
a al, 1954). 

Of the two types of proteins, it Is only the globular which have 
been obtained crystalline ; the fibrous proteins lack the character- 
istics necessary for crystallisation. It appears that all protein 
crystals giuwu from solution contain solvent, the removal of which 
causes the protein to become less crystaDine. The solvent has 
been shown to be interstitial and not " solvent of crj'stallisation 

One other point about the natme of these polypeptide chains 
win now be mentioned briefly. Let us consider a dipeptide com- 
posed of two different amino-adds, A and B. These may be 
combined In two different way* : 

NH,— A-CO-NH— B-CO,H 
and 

HO,C— A— NH— CO— B— NH, 

Three different amino-adds may be combined in six different ways. 
In general, with n different adds, there will be «1 different com- 
binations possible. Had not the naturally occurring amino-adds 
(exduding glydne) been all of the L-seiies, the total number of 
possible combinations would have been very much larger stiff. It 
is therefore of great interest to ascertain the " order *’ in which 
amino-adds are combined in proteins. Some progre ss has been 
m a d e in this direction (see §11). 


J9. Synthesis of polypeptides. Various methods have been 
introduced, e.g., 

(I) The partial hydrolysis of a diketopiperazine with hydrochloric 
add gives a dipeptide (Fischer, 1901), 



— NH,-<3H,-00 -KH -OHj-COin 
glycylglycine 


thi-dlkelopiperarine 
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a possibility that tha chains are ert>u-iinkfd via inlphnr (cf. vnl- 
canisation of robber, |33a, Vni). 


\ / 

NH 

OH-CHr-S-S-OH<-WJ 
/a NH 

\ / 


Proteins have been fotmd to be of two types, fhrout and ihbviar. 
In fibrous proteins the polypeptide diakts are extended In some 
cases, however, the are apparently " coiled ”, and these may 
be extended by the application of a &tcc» The nature of the coBed 
stmctore is uncertain, but two configurations have been proposed 
wdUch agree reasonably well with Information obtained from infra- 
red spectra, X-ray data, bond lengths and bond energies. Accord- 
ing to Ambrose H al. (1&49), the polypeptide chain is folded into 
a series of seven-membered rings, the folds of the chain being 
stabilised by hydrogen bonding ; in the natural fibre, a number 
of these folded chains are cross-Unked (see above). 


? ? t . 

'''dC'.’ 

k ' B B 

On the other hand, Panting rf mI. (1051) have proposed a atilcd 
chain in the form of a helix containing citbCT 3-7 or 5-1 acid rasdaes. 

The folded (coiled) fonn of a fibrous protdn is known as the 
«-fonn, and the extended as the ^form. Elliott ei ei. (1951, 1958) 
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have observed that the frequency of the CO stretching mode in 
synthetic polypeptides and natural proteins depends on the con- 
figuration of the polypcptldo cham. Thus this offers a means of 
distinguishing between the a- and ^fonns. 

The globular (corpuscular) proteins are more compact than the 
fibrous proteins, but their shape is not spherical; e.g,, X-ray 
studies have shown that hsemoglobin has a cylindrical shape. The 
arrangement of the polypeptide chains in these globular proteins 
is still uncertain. An Interesting point in connection 'with gbbular 
proteins is that infra-red methods may be used to detect the presence 
of carboxylate groups in them at the isoelectric point (Ehrlich 
d aJ., 1954). 

Of the t>TO types of proteins, it is only the globular which have 
been obtained aystaHino ; the fibrous proteins lack the character- 
istics necessary for cr>3tan£$ation. It appears that all protein 
cr yst als grown from solution contain solvent, the removal of which 
causes the protein to become less crystalline. The solvent has 
been shown to be interstitial and not “ solvent of crystallisation 

One other point about the nature of these polypeptide chains 
will now be mentioned briefly. Let us consider a i'peptide com- 
posed of two differeni amino-adds, A and B. These may be 
combined in two different ways : 

KH^-A-CO-NH— B— CO,H 

and 

HO/:— A— NH-CO-B— NH, 

Three different omino-adds may be combined in *ix different ways. 
In general, with n different odds, there will be nl different com- 
binations possible. Had not the naturally occurring amino-adds 
(exduding glycine) been all of the L-scries, the total number of 
possible combinations would have been very much larger still. It 
is therefore of great interest to ascertain the " order ” In which 
amino-adds are combined in proteins. Some progie ss has been 
made in this direction (see §11), 


§9. Synthesis of polypeptides. Various methods have been 
introduced, 

(i) The partial hj-drolysis of a dikctoplpcrarine with hj’drochloric 
odd gi\‘e3 a dipq>tide (Fischer, 1001), 



etycylcl/diw 


tbS-d i k e 1 0 p [peraxlo e 
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w 


:<iHR-oooi— 


fYS 


' [CB. '3CDI ■' 


VAo/ 


N-CERrCO-KH-OHR-OOiH 


mWU*’C,NtOM . 



+ l«H,i3HRiX)-2®*OHR'‘CO,H 


(Iv) Polypeptide* may be tynthesised by combining on a-halo- 
genoadd cbloride with an amhjo-ftdd ester and thes proceeding a* 
follows (Fischer. 1003). 

aCH*<Oa + NH,'CH,-CO,C,H,-^ 
aC3I,<0-NH-CH,-C0X,H. 
aCH,<X)-NH-CH,-CO,H -Hv 
aCH,«>NH'CH,-COa . 


aCH,<X>KH<H,<ONH-CH(CHJ-CO,H ^ 
NH,-CH,-CO-NH-CH,-CO-NH-CH(CH,)-CO,H 
glycylglycyialanise 


(v) A variatloo of the previofu* method Is to convert an amino* 
add into its corre^ionding add chloride by means of phospboros 
pentachlodde in acetyl di^de. end then to treat the add ddorida 
with another molecule of an amino-add (Fischer, 1D07). In the 
formation oi the add dUoride, hydrogen chloride is abo pnxtoced, 
and this combines with the amino-group to form the groap 

Q^H^-CHR*. which is ad acetyiated by the acetyl chloride 
present; eg,. 




^NH.CH.-COa- 


NH,^CH,*a>NH-CH,-CO,H 

glygd^ycioe 


By this mean* Facher (1D07) socceoded in ^thadadug an octa- 
decapeptide {of molecular wdght 1218), and AbderhaJdcn (1016) 
lyntheslaed a nonadec^>eptide (of molecalar weight 1826). 

(vQ The above method* involving the intermediate fcamttion of 
an a;^ dikuida cannot bo applied to hydnayamico* and di-airdno- 
idda, since tbeee add* react with pbospbemt pentachlotide In a 
compheated fashion and do not {^ve the desired halogen coenpoundsr 
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In such cases Bergmann (1026) successfully applied the azkctono 
synthesis, e.g., 



OH|'CO|II 


citl-c^N* 0H|'00*0 


KH-CO'OHj 





-^•oo-NH'aim*co,H 

NH-CO-OH, 


(»Hr- 

(i)Ha 


Pd 


HO ^ ^ CH,-<jlH-CO-NH -OHR-OOiH 
NH, 


(vil) A very recent method of bonding up peptides is that of 
Schwyzer d ed. (1655) ; this method involves the use of cbIon> 
acetonitrile as folknvs : 

Nn.-CHR-CO^Na + CH,a*CN-> NaQ + NHi-CHR-CO^.-CN 
jrH,-CHEMXSH 

► NH,'CHR*a>NH>CHR''CO,H 

As we have seen (§4), all the omlno-adds except glydne contain 
at least one asymmetric carbon atcnm Furthennore, the a-acyi- 
amino-adds are readfly racemised, and hence a very important 
point about the syntheses described above is that raccmisation 
win occur during the syntheses. The actual extent of lacemisatlon 
depends on the nature of the acyl group and the type of condensa- 
tion used. According to Boissonas ei al. (1966), the benzyloxy- 
carbonyl group gives very resrstant derivatives (to racemisatkm) 
and is therefore the best one to use. 

§10. Propertlea of the polypeptides. The polypeptides are 
solids which usually decompose when heated to 200-300®. They 
are soluble in water, but are insoluble in ethanol, and have a bitter 
taste rimflar to that of the proteins. They are hydrolysed by 
adds, alkalis and enzymes, and they very doeely resemble the 
polypeptides actually obtained by the partial hydrolysis of proteins. 
Polypeptides (synthetic) also gh^ the biuret test Many peptides 
have been found as the products of metabolism of micro-organisms. 
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§11. Degradation of the polypeptides. It has already been 
pointed out that a neccBary requirement for the ehddab'on of the 
stmcfore of proteins is a knowledge of the " order " of the imiDo- 
add residaes in the molecole QS). Chemical methods have been 
introdnced whereby the terminal amino-add residue of a polypqrtide 
may be removed in a stepwise fashion. Consideration of the follow- 
ing stmcture of a polypeptide shows that the two ends of the 
molecule are not alike ; ^ end on the left-hand ride is known 
as the '* amino-end and that on the right-hand ride as the 
" carboxyl-end *'. 

NH,*CHR-CO-NH*CHR'*CO-NH*CHR"*CONH . . . 
amino-end 

CO*NH-CHR'"-COJI 

carboryi-end 

Methods have been introduced for d^rading either the caiboxyl-end 
or the anrino-end of the polypeptide chain, 

Carboxyl-end degradation. The following method is due to 
Schlad: and Kurapf (1926). 


|c;NrCOCi 

IWat •bbNHtXCS 

J .ad {ai,*COW> 

CiH,<XHKH'CHR<X>5H-CHR'-C0'^ CHR' 

jR.OH 


C^H,<X)-KH-Cim’CO-OT'CHF£''CO,H+ Om' 


thiohydantoln 

|b.(OH}, 

2JH('CHH'00xH 

Thus the terminal amino-acid be identified, and the process 
can now be repeated on the degraded peptide. 

Amlno^and deilradation. The following method is dne to 
Ed man (1950). 



511] 


AMINO-AaDS AND PHOTEINS 


673 


C,H,-NOS + NHi-GHR'OO-Nn-OItR'OO-NH-ami' OOjH 
phenyl uothlooyanatfl | 

cyT,-Nn<B-KH*c[im-co-KH*oim'-cO‘KH-aim'’‘00,H 

Iho 


NH— CHR 

ku, 

thiohydAnloin 

NH,-0HR<!0,n 


+ NHi'OHR'-OONH'OER'OOiH 


Thus tho terminal ammoadd can be identihed, and the process 
can now be repeated on the degraded peptide. 

More recently, Asai d al. (1066) have investigated the infra-red 
spectra of polypeptides and Imve sbrnm that certain bands depend 
largely on the uquaia of the amino-adds in the chain, '^ese 
authors have condaded that the crystalljne part of silk fibroin 
contains glydne and alanine residues arranged alternately. 

Another interesting point about the structure of polypeptides 
is the nature of the amino-adds In the chain which have free amino 
groups {cf. §0). Sanger (1046) has developed tho *' DNP ” method 
for sohdng this problem. Ho sheared that l-flaoro-2:4-dinitro- 
bcnrcnc reacts readily only with amino groups and forms derivatives 
which arc stable to adds, e.g.. 


R- 


Cpl-NHj 

CO*NII'OnR’-CO,H 


+ F^^^NO, ^ 



ROIINII 

io,u 


+ NHj-OlIR'-COjH 
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Thus, when a peptide is first treated with the reagent and then the 
product hydrolysed with add, a number of omino-addi will be 
obtained as their dinitrophenyl derivatives (which can be separated 
by chromatography ; cf. 53). 


ENZYMES 

512 . General nature of enxyines. Enzymes are biological 
catalysts which bring about chemical reactions in living cells. They 
are produced by the living organism, and are usually present in 
only very small omounti in the variota ryllc {about OOl per cent). 
They can also exhibit thdr activity even when they have been 
extracted from their source. The enzymes are all organic com- 
pounds, and a number of them have been obtained in a crystaHiDe 
form. Those so far obtained oystalUne are proteins and have very 
high molecular weights. Most enzymes are colourless solids, bid 
some are yellow, blue, green or grcenish-faTOwn roost are soluhle 
in water or dilute salt solnticm. Some enzymes are purely protein 
in nature, but many contain a prosthetic group {see f?. B) which 
has a relatively low molecular weight The prosthetic group of 
some enzymes is readily separated by diaJyis} from the protdn 
part and the latter, in this condition, is known as an epceniymt, 
0 .g., peroxidase is composed of hsematin (prosthetic group ; see 52 . 
XIX) linked with the protein {the apoenzyme). The prosthetic 
group is often referred to os t^ co-enzyme (when dealing with 
enzymes) ; both parts must be present for the " enzyme ” to act. 

§13. Nomenclature. The systematic method of n a m i n g en- 
zymes is to odd the suffix css to the name of the substraU, 
the substance being acted upon, &g., esterase acti on esters, amylase 
on starch (amylum), protease on proteins, urease on urea, etc. 
Some enzymes, however, have retained their trivial names, Ag., 
wnntn'n^ pepsin, trypsin, etc. Names are »t<p used for parit£idar 
enzymes, e.g., urease, amylase, or as general names for grtyttps oi 
enzymes, esterases, jffoteases, etc. Enzymes of varicmi species 
are quite often siniilar, and the reactions catalysed by them are 
identic*! Even so, it doe* not necessarily follow that these 
enzymes are identical chemically, tyg., amylases from different 
sources have different optima (see below). 

§14, Qaaaiflcatloaof enzjxnea. Enzymes are usually claziified 
on the type of reaction which they catalyse. There are two m ai n 
groups: 
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(i) Hydrolytic enxyma. These brag about hydrolysis, 
proteases (proteins), lipasei (esters), carbohydrases (carbohydrates), 
etc. 

(u) Oxidaiivc eniyma. Most oxidative enzymes function by 
transferring hydrogen from the substrate (or a modified form, c,g., 
a hydrated form) to themselves, i.e., they behave as hydrogen 
acceptors. These enzymes are lmo\vn as dckydro^cnasa. There 
are also a few enzymes which oxidise the substrate directly with 
molecular oxjrgen ; these are known as oxidua, c^g., oicorbic aad 
oxidoie catalyses the oxidation of ascorbic add to dehydroascorbic 
add by molecular oxygen {cf. §11.' VII). 

Some other types of enzymes are Isomerising enzymes, transfer- 
ring enzymes {e.g., transaminases catalyse the transfer of an amino 
group of an amino-add to a keto group of a keto add), and “ split- 
ting enzymes ’’ («,g., decarboxylases catalyse decnrboatylation). 


§15. Conditions for enzyme action. A number of factors 
influence enzyme activity : the concentration of the enzyme, the 
concentration of the substrate, the of the solotioc, and the 
temperature. The cptimtim ccmdltions for a particular enzyme 
must be found experimentally. The optimum varies consider- 
ably for individual enzymes, and for a given enzyme, with tho 
nature of the substrate. The optimum temperature for animal 
enzymes is usually between 40* and 60®, and that for plant enzymes 
60* and 60®. Most enzymes are irreversibly destroyed when heated 
above 70-80*. 

Many enzymes have been shown to be revcrtible in their action, 
i^., they can both degrade and « 3 mtheslse. The optimum con- 
ditions, however, for degradation are very often totally difi’erent 
from those for synthesis. Furthermare, it does not follow that 
synthesis in the organism is effected by the same enzyme which 
fnodoces degradation, urea is hydrolysed by urease in plants, 
but is formed in nnimals by the action of arginase on the amino-add 
arginine. 


§16. Spedfldty of enzyme action. One of the most character- 
istic properties of enzymes Is tbeir spedfidty of action. This 
ipedfidty may be manifested in one of three ways : 

(i) Spedfidty for a particular reaction or a particular type of 
reaction, e.g., urease will hydrolyse only urea ; esterases hydrolyse 
only ester*. Enzymes may also be specific within a group, 
ph^hatases (a group of esterases) only hydrolyse esters in which 
the add component is phosphoric add. 
fn) Many enzymes exhibit a rdaiive tpedfidty, e^., esterases, 
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of hexosos to carbon dioxide and water. Hjc first stq> is the cxra- 
version of a bexose molecnle into tvfo molecules of pyruvic add ; 
this occurs via the formation of phosphogiyceraldchyde (c/. §2Sa. 
VII). The pymvic add combines with carbon dioxide to form 
oxalacetic add: 


CH.'CCHXi.H + CO, ^ CO,H'CH,*CO*CO,H 


The Krebs cyde may then be written as follows (the wious eotyroes 
involved and mechanisms arc not shovm) : 


CH,*CCKX),H . 
pymvic add 

CH,-CO,H 
lx)-CO,H “ 

oxalacetic add 


I 

CK,-CO,H 

iHOH-CO,H 


CH*CO,H 
fomaric add 


CH,-CO,H 

co.-fi • 

CH,‘CO,H 
succinic add 


CHt-COtH 

j^OH 

c( +CO, 

1 CO.H 

CH.-CO.H 

dtxic add 

t 

CH<XI,H 

B 

C-CO,H 

in, -CO.H 

di-oconhic add 

I 

CHOH-CO,H 

ia-cOiH 

in.-cOiH 

uod trie add 

U 

CXKX>,H 

in, + CO, 

in.-cOjK 

a-ketoglntaric add 


Amino-adds can b© deaminated to keto-adds, and in addition to 
the general (amlno^dd) dchydro^nases, there is a specific gfyviiu 
dehydrogenate and a specific ^utamie dehydrogenau. The case of 
gtutaraic add is extremely Important, since there is much evidence 
to show that fhlt add plays a vital part in the metabolism of 
amino-adds. Furthenuona, it appears that the convendoa of 
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glotainic add into a-ketoglataric add Is the only re&enibU reaction 
in the oxidative deamination of amino-adds. 



+ NH, 


Keto-adds produced by deamination of amlno-adds may undergo 
further tia^ormatians, one being their conversion into amino- 
adds. This, however, occora by the process of transamination 
under the influence of transaminasa, *.g., 


CO^ 

I CH, 

CH'NH, I 

L + ^ 

L 

I CO,H 

giotamic pynrvfc 
add add 


CO»H 

CO 

tw, 

CH,-CO^ 

s-keto- 

ghrtarlc 

add 


CH, 

H*NH, 

io,H 


We have already seen (§32a. VUI) bow various keto-adds could 
be synthesised in the organism. Thus, with the fonnatian of 
a-ketoghitaric add from the break-down of carbohydrates, its dirfct 
amination to glutamic acid, and the latter now capable of aminat- 
ing other keto-adds by transamination, the cycle of events is set 
up for the biosynthesis of amlno-adds in general A point to be 
noted in thw connection is that some amino-odds are essential 
(|1). man cannot synthesise the benrene ring. 

A very int er es tin g problem related to the biosynthesis of amino- 
adds is the woric of MTTIer (1003, 1906). This author subjected 
a mixture of methane, ammonia, hydrogen and water vapour 
(which possibly made up the atmosphere of the Earth in Its eariy 
stages) to spark and sflent discharges. Analysis of the gases showed 
that the initial gases were present and, in addition, carbon monoxide, 
carbon dioxide, and nitix^ett- The solid product was analysed by 
means of paper chromatography, and the following amino-adds 
were identified : glydne, sarcosine (^/-metbyiglydne), i>- and l- 
alanine, ^-alanine, d- and L-tf-amino-fi-butyiic add, atvI a.fljninO' 
fwbutyiic add. Many other amino-adds (unidentified) were also 
formed, as well as formic, acetic, propionic, glycoHic, and lactic 
adds. 
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Bahadtir (1964), on the other hand, haa aynthesised amino'adds 
by exposing a soJation of paraformaJdehyde and potassfmn nitrate 
to br^t sunlight 

Hnally, Jet os consider the biosynthesis of the proteins from 
anuno-adds. Many wjtkm have concluded that there arc no 
intermediates, ue., protein synthesis is an " aH-at-once " assembly 
of amino-adds. On the other hand, other ‘WorkerB have concbidcd 
that intermediates are formed, but these are so pooriy defined or 
are so transient that they cannot be characterised. Steinberg d al 
(l&W-), using amino-adds iabclfcd with ^*C, h&vc shown that 
their results arc compatible with the step-wise mechanism through 
intermediates. 
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' CHAPTER XIV 


ALKALOIDS 

$1. Definition of on fllkalold. Originally the name alkaloid 
(which means alkali-lilre) was given to oil organic bas^s isoUitd 
from planis. This definition covers an extraordinary wide variety 
of compounds, and as the study of " alkaloids " progressed, so the 
definition changed Kdnlgs (1880} suggested that alkaloids should 
be defined as naturally occurring organic bases which contain a 
pyridine ring. This definition, however, embraces only a limited 
number of compoonds, and so the definition was again modified 
a little later by Ladenburg, proposed to define alkaloids as 
natnial plant compounds having a basic character and containing 
at least one nitrogen atom in a heterocyclic ring. Ladenburg's 
definition excludes any synthetic compounds and any compounds 
obtained from animal sources. One must admit that e\’en to-day 
it is still difficult to define an alkaloid. The term is generally limited 
to organic bases formed in plants. Hot all antheus do this, and so 
they specify those alkaloids obtained from plants as piani aiftaloiii 
(or wgdabla alkoMis). On the whole, alkaloids are very poisonous, 
but are used medicinally in very small qnantitie*. Thus we find 
that the basic properties, phyxiological action, and plant origin 
are the main charactera which define plant alkaloids. Even lo, the 
class of compounds known os the pwifus (Ch. XVI), which possess 
the above characters, are not usually included under the heading 
of fllVa]nhl< ^some puimes are also obtained from animal sources). 

It is interesting to note in this connection that Scrtfinicr (180^ . 
isolated a basic compound frnm opium. Up to that time it was 
believed that plants produced onty adds or neutral compounds. 

$2. Extraction of alkaloids. In general, the plant is finely 
powdered and extracted wHh etbanoL The solvent is then distilled 
off, and the residue treated with dQute inorganic adds, whereupon 
the bases are extracted as their solable salts. The free bases are 
liberated by the addition of sodium carbonate and extracted with 
various solvents, eg., ether, chl or o f or m , etc. The mixtures of 
bases thus obtained are then separated by various methods into the 
Individual compounds. 

f3. General properties. The alkaloids axe usually colouriess, 
crystaHiue, non-volatile solids which are insoluble in water, hot are 
83S 
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•ohible in ethanoi, ether, chlorofonn, etc. Some alkaloids are liquids 
which are soluble in water, e,g^, coniine and nicotine, and a few 
are coloured, berberine is ydlow. Most alkaloids have a bitter 
taste and are optically active. They are geflcrally tertiary nitrogen 
compounds and contain one or two nitrogen atoms usually in the 
tertiary state in a ring system ; most of the alkaloids also contain 
oxygen. The optically active alkaloids are very useful for resolving 
racemic adds. The alkaloids form Insoluble predpitates with solu- 
tions of phosphotungstic add, phosphomolybdlc add, picric add, 
potassium merenri-iodide, etc. Many of these predpitates have 
definite crystalline shapes and so may be used to help in the identi- 
fication of an alkaloid. 


}4. General methods for determining structure. 

(I) After a pure specimen has been obtained it is subjected to 
qmdltative analysis (Invariably the alknloid contains (carbon), 
hydn^cn and nitrogen ; most alkaloids also contain oxygen). This 
is then followed by quantitadve analysis and thus the empirical 
fonniila is obtained ; determination of the molecular wdght finally 

to the molecular formula. If the allcalofd Is optically active, 
its specific rotation Is also measured. 

(II) When an alkaloid crmtalns oxygen, the functional nature of 
this element is determined : 

(fl) Hydroxyl group. The presence of this group may be ascer^ 
tain^ by the action of acetk anhydride, acetyl chloride or benzoyl 
chloride on the alkaloid (acylation must usually be considered in 
conjunction with the nature of the nitrogen also present In the 
molecule ; see 11I)« ^Vhen It has been ascertained that hydroxyl 
groups ore present, then their number is also estimated (by acetyla- 
tion, etc.). The next problem is to dedde whether the hj'droxyl 
group is alcoholic or phenolic. It is phenolic if the altoloid is 
soluble in sodium hydroxide and repredpitated by carbon dioxide ; 
also a coloratioD with ferric chloride will indicate the presence of a 
phenolic group. If the compound does not behave as a phenol, 
then the hydroxyl group may be assumed to be alcoholic, and this 
assumption may be verified by the action of dehydrating agents 
(most alkaloids containing an alcoholic group arc readily dehydrated 
by fulphuric add or phosphorus pentoxide). The behaWour of the 
compound towards oxidising agents will also disclose the presence 
of on alcoholic gro u p. 

(b) Carbox^d group. The folobflity of the alkaloid in aqueous 
sodhim carbonate or ammonia indicates the presence of a carboxyl 
group. The formation of esten also sbowi the presence of a 
carboxyl group. 
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(c) Oxo gmtp. The presence of an oxo groap Is readily ascer- 
taincfd by the formation of an oxiine, scmicarbazone and phenyl 
hydrawnc. 

{(i) Hydrolysis of the alkaloid and an examination of the prodoct* 
lead to information that the compound is an ester, lactone, amide, 
lactam or a betake. 

(a) The Zcremiiinoff actirte kydrog^ ddcrmtHaiion may be applied 
to the alkaloid (see VoL I). 

(/) Methoxyi group. The presence of metho^q^l groaps and tbdr 
number may be determined by the Ztisd method. The alkaloid ii 
heated with concentrated hydriodic add at its boning point (1£6*) ; 
the methoxyi groups are thereby converted into methyl iodide, 
which is then absorbed by ethonoUc silver nitrate and the silver 
iodide is weighed. Only methoxyi groups have been found in 
natural alkaloids. 

(g) MeihyUncdioxyi group ( — 0'CH,O — ). The presence of this 
group is indicated by the fennation of formaldehyde when the 
alkaloid is heated with hydrochloric or sulphuric add. 

(lii) Ths fundional nature of the mirogeiu 

(a) The general reactions of the alkaloid with acetic anhydride, 
m^yi iodide and nitrous add often show the nature of the 
nitrogen. 

(6} Distillation of an alkaloid with aqueous potassium hydroxide 
usually leads to information regarding the nature and number of 
alkyl groups attached to nitrogen. The formation (k the volatilfl 
products) of mcthylamine, dimethylamke or trimethylamine indi- 
cates respectively ^e attachment of one, two or three methyl groups 
to a nitrogen atom ; the formation of ammonia shows the presence 
of an ammo group. Only //-methyl groups have been shown to be 
p r es e n t k alkaloids with one exception, tie., aconitine, which 
contains an ^T-ethjd g ro u p. 

(c) The presence of AT-methjd groups and their number may be 
detomlned by means of the Herjig^Meyer method. When the 
alkaloid is heated with hydriodic add at 160-300*’ under pressure, 
//-methyl groups are converted into methyl iodide {<f. the Zeisd 
method, 11/). 

{(f) The rexulti of hydrolydi will show the presence of an amide, 
Ifldam or betaine (</. ild). 

(e) Bofmann't exhauxiioe meihyUtion method (1881) is a very 
important process k alkaloid chemistry, since by its means hetero- 
cycKc rings are opened with the elimination of nitre^en, and the 
nature of the carixm skeleton is thereby obtaked. The general 
procedore is to hydrogenate the hetcrocydic ring (if this is unsatur- 
ated), then convert this compound to the quaternaiy methyl- 
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ammomuiti hydroxide which is then heated. In this last stage a 
molecule of \vater is cUrainatcd, a hy'drogen atom in the ^-position 
with respect to the nitrogen atom combining \nth the hydroxyl 
group, and the ring is opened at the nitrogen atom on the same 
ride as the ^hydrogen atom eliminated. The procec is then 
repeated on the product ; this results in the complete removal of 
the nitrogen atom from the molecule, leaving an imsaturated hydro- 
carbon which, in general, isom crises to a conjugated diene (see also 
Vol. I) ; t.g.. 



plperylena 


Hofmann’s method fails if there is no ^-hydrogen atom available 
for ellmlnaticm as water; In such cases the Emde modification 
(1000, 1012) may be nsed. In this method the quaternary ammo- 
nlura halide is reduced with sodhim amalgam in aqueous ethanol or 
catolytically h>*drogenated, e^.. 



iioqaiaollne H| H* 

L 2 : 3 :4 • t otrat\rdro- 
noqaiiwUna 
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Examination of I shows that ^hydrogen is absent ; hence Hof- 
mann’s method cannot be used. 

Other methods for opening heterocyclic rings containing nitrogen 
are: 

(I) VoH Braun't meihod for Urftary cyndlc amines {see also VoL I) ; 
e.g., ' 



.C!H|'0H|Br 
0H| OHi’NR'ON 


OHiBr’CaHO^'NH'R 


(U) Von Braun's mdhod for secondary cyclic amines (see also 
VoL 1) ; e^.. 


yOHi’OHK 

OT, NII + 


0,116*0001- 



•CO*0,H, 


yOH,*aHr\ 

GH, ^•OBr,'0^ 


OH,* OH,' 


SM wmStr 





(Ui) In a number of the ring may be opened by heating with 
hydriodic add at 300°, 



aH,‘(OHJa-CIHj + NH, 
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(Iv) Thfi presence of unsaturation in an alkaloid may be ascer- 
tained by the addition of bromine and halogen adds, or by the 
ability to be hydroxylated with dflute alkaline permanganate. 
Reduction by means of sodium amalgam, sodium and ethanol, tin 
and hydrochloric add, hydriodlc add, etc., also may be used to 
show the presence of unsaturation. In some cases, r^uctlon may 
decompose the molecule. 

Oxidation, This fa one of the most valuable means of deter- 
mining the stru c t ur e of alkaloids (^. terpenes, §3. ViU). By 
varying the " strength " of the oxidising agent, it Is possible to 
obt^ a variety of products : 

(а) Mild oxidation is usually effected with hydrogen peroxide, 
ozone, iodine in ethanolic solution, or alkaline potassium ferri- 
cyanlde. 

(б) Moderate oxidation may be carried out by means of add or 
alkaline potassitzm permanganate, or chromium trioxide in acetic 
add. 

(c) Vigorous oxidation is usually effected by potassium dichiom- 
ate-sulphmic add, chro mium tiioxide-solphuric add, concentrated 
nitric add, or manganese diozide-ffulphuric add. 

This dassiffcatioa is by no means rigid ; the '' strength " of an 
oxidising agent depends, to some extent, on the nature of the 
compound being oxidised. In those cases where it can be done, 
better results are sometimes achieved by first dehydraring the 
compoxmd and then oxidising the unsaturated compound thus 
obtained ; oxidation is readily effected at a double bond. 


— ’9H0H jijio, —OH 

-Ah. -fla 



(Tl) Fusion of an alkaloid with solid potasshnn hydroiido often 
produces relaUvely simplo fragments, the nature of which win 
give infonnation on the typo of nndei present in the molecule 
W- 1114)- 

(vil) Zinc dust ditiiUaiwn. This usually gives the same products 
as (vt), except that when the alkaloid contains oxygen the oxygen 
is removed. 

(Jill) Synlkai,. The foregotag analytical work wiU ultimately 
lead to the proposal of a tentative strnctnre (or structures) for the 
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alkaloid tmdfiT consideration. The final proof of structnre, however, 
depends on an tmamblguous ^nthesls of the alkaloid. 


$6. Claislflcation of the alkaloids. Long before the cemstita- 
tions of the alkaloids were known, the source of the alkaloid was 
considered the most Important characteristic of the co m po r nfl, 
Thus there could not be a rational classification. Even to-day, 
with the stru c tures of so many known, the dassifleatian of 
alkaloids is still somewhat artttrary owing to the difficulty of 
classifying into distinct groups. Even so, it Is probably most 
satisfactory (chemically) to classify the alkaloids according to the 
nature of the nucleus present in the molecule. Members of the 
following groups are described in this book : 

(i) Phenylethylamlne group. 

(il) Pyrrolidine group. 

(ifi) Pyridine group. 

(iv) Pyrrolidine-pyridine group. 

(v) Quinoline group. 

(vi) MoQuinoUno group, 

(vii) Phenanthrene group. 

It ^ould be noted that in many cases different alkaloids obtained 
from the same plant often have chemical sLruclures, azul 

so sometimes tiu source of the alkaloids may indicate chemkal 
similarity. 


PKENYLETSYLAMINE GROUP 

Many compounds of this group are known, some natural and 
others synthetic. Their outstanding physiological action Is to 
increase the blood pressure ; hence they are often referred to as 
the prtaor drugt. 

§6. ^-Phenylethylamlne. Thb is the parent substance of this 
gro up of alkaloids, anfl occurs in putrid meat (it is formed by the 
decaibojcylation of phenylalanine, an amlno-add). ^Phenyl- 
ethylamlne may be readily synthesised as follows : 

C,H,-CH^ + KCN -> C,H,-CH,-CN C^,-CH,CH,-NH, 

^Phenylethylamine is a colourless liquid, b.p. 197*. 

§7. (— )-Eph©drine, ULp. S8'l*. (— )-Ephedrino occurs in the 
genus Eph^ra ; it is one of the most important drugs in Huang 
(a Chinese drug). Physiolt^icaDy, its action is sfmflar to that of 
adrenaline (112), and it can be taken orally. 
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The molecular formula of cphedrine is Cj^HjjON, and si n c e on 
n-riHgfinn ephcdrine forms benzoic acddy the structure therefore 
contains a benzene ring with only one side-chain. When treated 
with nitrous add, ephednne forms a nitroso-componnd ; therefore 
the compoxmd is a secondary amine. Since ephedrine forms a 
dibcnioyl derivative, one hy^xyl group must be present {one 
benzoyl group is accounted for by the imino group). FiniUy, 
when heated with hydrochloric add, ephedrine forms methylamine 
and propiophenone, 

C„Hi.ON CH.-NH, + C,H,-CO-CH,-CH, 


The formation of these products can be explained if the structure 
of ephedrine is either I or IL 


C,H,*CHOH*CH,*CH,*NHCH, 

I 




NHCH, 


n 


It has been observed, however, that compounds of structure II 
undergo the kydramine fitsion to form propiopheDone when heated 
with hydrochloric add. Thus n is more likely than L This is sup* 
ported by the fact when subjected to the Hofmann exhaustive 
methylation method, ephedrine forms syT».*metbyiphenylethyicDe 
ojdde, jn ; this cannot be prodneed from I, but is to be expected 
from IL 

C.H.-CHOH-CHICHJ-NHCH, 

C,H,-CHOH-CH(CH J-N(CHJ,}+OH' — !*** > 

/On 

C,H,*CH*CH-CH, -f {CHj),N 
III 


Further support for II is afforded by the following evidence. Struc- 
ture I contains one asyminetric carbon atom, and so replacement of 
the hydroxyl group by hydrogen wiU result in the formation of an 
optic^y inactive compound. Structure H, however, mnta^n^ two 
asymmetric carbon atoms, and so the replacement of the hydroxyl 
group by hydrogen should still give a compound that can be 
optically active. Experimentally it has been found that when this 
replacenttmt is efiected in (— )-ephedrine, the product, deoxy- 
epbedrine, is optically active. Thus n agrees with aH the known 
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facts, and this itnictare has been confiimcd by synthesis, ejr 
Spath e( si. (1020) : 

CH,-CH,-CHO -24- CHt-CHBrCBO 

BBf 

\Br m;,H, 

j {i)-^?-ephedrme 

NH*CH, 

The racemic modification of ^^^hedrine (see bdow) wm resdvtd 
by means of tartaric add. 

(— )-Ephedrine itself has been synthesised by Manshc d al. (1929) 
by the catalytic rednetion of l-pha^'lprtq>aDe-l:2-dioDe (benayi- 
acetyl) in the presence of mcthylamine in methanol sointioiL 


CgHg-COCOCH, 4- CHg’XH,- 


> C,Hg-CO'q«K<M,)-CH, 
Hr-J^ 


(i>-ep2jed£mo 

The racemic ephedrine was resolved by means of m a nd eBc acid. 
Some (iH^hediioe was also obtaintti in this synthesis. 

Since the ephediine molecale contains two disshailar ag y nr me tcfe 
carbon atoms, fonr optically active forms (two pairs of eaantio' 
morphs) are theoretically posable. According to Freodenhog 
(1935), the configorations of ephedrinc and p’^)bcdiine are; 

OH, 

-H 
-OH 
OgH, 

(-l-tphedrine ^f)-<pliedrino ' (-)-^ -ephedrinc (+9.<>-epbwJrinc 

58. Benzedrine {AmfiJidamint) was originally introdneed as a 
sobstitntc for ephedrfne, but it b now used in its own right ^ 
(Apparently prodnees a feeling of confidence. 




,-Oa(CH,VKHt 

59 , ^-p"HydroxyphenyIethyiamlne {fyremim), mp. 
occnis in ergot, and b prodnctti by the pgtrefaction of prcftcics 
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(by the decarboxylation of tyrosine). Tyraminc has been synthe- 
sis in varioiis waj^, 


caiO ^^~^ OHO+ OH,O^^^OH=OHNO, 

anluUdehyde 


§10. Hordenine (/5-/^-hydrox3rphenylethyldlmcthylaminc, Anha- 
line), m.p. 117-118®, occurs natmaHy in germinating barley. The 
moleoilar formula of hordenine is Ci^H^ON ; the routine testa 
ahmv that hordenine is a tertiary base and that it contains a phenolic 
group. Since the methylatlon of hordenine, followed by coddation 
(with flitrfliin w permanganate), gives anisic add, I, it therefore 
foDou’S that the hydroxyl group is in the ^ora-position with respect 
to the side<haln. Furthennore, since the methylated compound 
gives ^vinylanbole, II, after the Hofmann exhaustive methylatlon, 
the structure of hordenine is probably III. 


^cO|H oH,o< >ai-cni 

I 11 


HO 


CH,*OHiN(CH^ 

HI 


This has been confirmed by synthesis, Barger (1000) : 

2*phenjIeUianoi 


ai,-CH,*N(CII,), - 


■CH|*CII,-K(0nj), 


(iju-na 

wIiNo, * HO^ >0H|0H,-K(C1IJ, 
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§ 11 . Mezcallne- (mescaline), CiiHjjO^,b.p.l80-180'6®/12 mm,, 
occurs naturally in “ mezeal buttons The routine tests show that 
metcaline contains a primary aliphatic amino-^tip and three 
methcDcyi groups. On oxidation with alkaline permanganate, 
mcxcallnc gives 3:4:5-trimcthoxy benzoic add, and thus the probable 
structure of meicaUne is I. 

7K. 

OGH, 


This has been conflnncd by qmtbesis (Spfith, 1910} : 

OOH, yH| 

ni**wa«»d 

OOHj OCSl;) rfdudoe] 


Ht-r» 


OCH> OOT, 

OBjO^^^^CRO CBjO aHaOH-SQ, 

OCH, 


OOH, 


3:4:fi-trixiipthojy' 

u^nltroftyreoa 


OOTj 

— OHjO^^^OHyOHfNH, 

OOHj 

mezcallna 

A more recent synthesis of mezcallne is that of Banhoher H ti. 
(1052) ; this makes use of the Aradt-Eistert synthesis. 


OOH, 

CH,O ^^~ 7 0 OCl >■ 0H,0 
CX3H, 

OCH, 


anfi ^ y attf-com, - 
OCH* 



CO’OHNi A*KOi 


OGH, 

OH,0 CH,*OH,'NH, 

OCH, 
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7^-Methylmercaline and ^-acetylmercaline also occur naturally 
in mezcal buttons. 


$12. Adrenaline {Epinephrine), is a non-steroid 

hormone. The adrenal medulla is the source of the honnones 
adrenaline and noradrenaline. Adrenaline was the first hormone 
to be isolated in a crystalline form (Takamlne, 1901 ; Aldrich, 1901). 
Adrenaline is active only when given by injection ; it raises the 
blood-pressure, and Is used locally to rtop harmorrhage. 

Adrenaline is a colourless crystaflinc solid, m.p. 211®, and dissolves 
in adds and allndis (it is Insoluble in water) ; it is also optically 
active, having a Uevorotatkm, 

The phenolic character of adrenalioe is indicated by its solubility 
in sodinm hydroxide and Its reprecipitation by carbon dkndde. 
Since it gives a green colour wiUi ferric chloride, this led to the 
su gg e sti on that adrenaline is a catechol derivative. When boiled 
with aqueous potassium hydroxide, adrenaline evolves methyl- 
amine ; thus a methylamino group Is probably present. On the 
other hand, when fusrf with potassiom hydroxide, the product is 
protocatechuic add, I (Taka mine, 1901) ; methyiatioD, followed 
by fadou with potass! am hydroxide, gives veratiic add, II, and 



triroethylainine (Jowett, 1904). The formation of trimethylamine 
indicates that the nitre^en atom must occur at the end of ^e side- 
chain. Since adrenaline is optically active, it most contain at least 
one asymmetric carbon atom. Now adrenaline contains three 
hydroxyl groups, two of which are phenolic (as shown by the forma- 
tion of I and II). The third hydroxyl grou p was shown to be 
secondary alcoholic by the fact that when adrenaline is treated with 
bcnrcnesulphonyl chloride, a tribemenesulpbonyi derivative is ob- 
tamed whidi, on oxidation, gives a ketone (Friedmann, 1906). To 
account for the oxidation of adrenaline to the benzoic add derivative, 
the — CHOH— group must be attached directly to the nudeus ; had 
It been — CH,*CHOH*, then a pbenylacetic add derivative would 
have been obtained. All the foregoing facts are in keeping with 
structure III for adrenaline, and this has been confirmed by syn- 
thesis by Stoli (1004) and DaJdn (1005), with improvements bv 
Ott (1020). 
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511 . Mercaline (mescaline), b.p. 180-180-6®/l£mm^ 

ocenrs nattjraily in mezxal buttons The rontlne tests show that 
mercalino contains a primary aliphatic amino-gronp and three 
methoxyj gmops. On coddatjon with aJIcsIfne pcnnsmgtajds, 
mezcaline ^ves 3:4:5-trimcthoxy benzoic add, and thus the probaye 
structure of ipezcaline is I. 

CHjO ^ ^ CH|-CH,-NI^ 

OCH, 


This has been confirmed by sjTitbesis (Sp5th, lOlD) : 


CH,0 


OCH, 

OCH, 

CH,0 

^~^coa 

OCH, 

OCH, 

OCH, 



CH,oQ 

OOH, 

OCH, 


>CIH«0H'KP| 


OCH, 


CH ,0 


3 r 4 : 5 *lrlJiietliflry- 

w^Urostyrena 


CRyOHyNH, 


OOHj 

meicaJlne 


A more recent synthesis of mczcaiine is that of Banhoiicr d d. 
(1962) ; this nmkes use of the Amdt-Eistert synthesis. 


OCR; 


CH,0 


OCR, 


COCl 




OCH, 


OHaQ^^ ^00-CHN, - 
OCH, 

dkzolKtone 


OCH, 

CHjO - 

OCH, 


OCH, 


CH,0 


oca. 
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^-Methylmocaline and ^-^cetylmercaline also occur naturally 
in mezcal buttons. 


|12. Adrenaline (Epiruphriru), C,Hi,OtN, is a non-steroid 
bonnone- The adrer^ is the source of the honuones 

adrenaline and noradrenaline. Adrenaline was the first hormone 
to be isolated in a crystalline form (Talcamine, 1901 ; Aldrich, 1001) . 
Adrenaline is active only when ^ven by injection ; it raises the 
blood-pressure, and is used locally to stop hsemorrhage. 

Adrenaline is a colourless crystalline solid, m.p. 211°, and dissolves 
In adds and alkalis (it is insoluble in water) ; it is also opticaDy 
active, having a hevorotatlon. 

The phenolic character of adrenaline is indicated by its solubility 
in sodium hydroxide and its r e p fcdpitation by carbon dioxide. 
Since it gives a green colour ienic dfiorlde, this led to the 
suggestion that adrenaline is a catechol derivative. When boHed 
with aqueous potasshun hydroxide, adrenaline evolves methyl- 
amine ; thus a methylamlno grcmp is probably present. On the 
other band, when fused with potassium hydroxide, the product is 
protocatechuic add, I (Takamlne, 1901) ; methyiatioD, foDowed 
by fosioa with potassium hydroxide, gives veratric add, II, and 



OOHi OH 



00,H CHOH'CH,-NH'OH| 

n m 


trimethylamine (Jowett, 1904). Tbc fonnation of trimethylamlne 
indicates that the nitrogen atom mast occur at the end of ^e side- 
chain. Since adrenaline Is optically active, it must contain at least 
one asymmetric carbon atom. Now adrenaline contains three 
hydroi^ groups, two of which are phenolic (as shown by the forma- 
tion of I and II). The third hydroxyl group was shown to be 
secondary akohoUc by the fact that wbm adrenaline b treated with 
bcnzcncsulpbonyl chloride, a tribenxenesulphonyl derivative Is ob- 
tained which, on oxidatioa, pves a ketone (Friedmann, 1006). To 
account for the oxidation of adrenaline to the benzoic add derivative, 
the — CHOH — group must be attached directly to the nucleus; bad 
it been — CH,*CHOH*, then a phenylacetic add derivative rrould 
have been obtained- All the foregoing facts are in keeping with 
structure III for adrenaline, and this has been confirmed by syn- 
thesis by Stolz (1904) and Paldn (1905). with improvements bv 
Ott (1925). ^ 
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M-chIoro-3;4- 

dUijttrQxyacetophenoDe 



OHOH'CHiNH'OH, 

(i)-adrenftlirM 


The racemic adrenaline has been resolved by means of (-fj-tartaric 
add. 

Ne^ (1918) has also synthesised adrenaline as follows: 


q-OtKlH, 
O-OO-OHj 


+ OHi-KOi 


O-OO-OH, 

KDH' if^O-OO-OH, 


OHO 

dUestylproto- 

oateehualdehyd* 

OOOOH, 

i«-ai,-co,H. i/^O-COOHj 


V 

CHOHOHi'KO, 


-HS.., 



V 

OHOHOH,-NH-OH, aHOHOH,-NH-flH, 
(t}>adrenjdme 


According to Dalgilesh (1053), the configuration of (— )-adrenalnw 
is probabty 



OH 
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§12a. Noradrenaline {Norepiniphrine), C|HuOjN, Is also pre- 
sent in the adrenal meduUa. The natur^ caampoand is hevorota- 
tory, and this (~)-isomer is the most powerful pressor-compotmd 
known* The structure of noradrenaline has been established by 
analytical work mmilar to that described for adrenaline, and has 
been confirmed by various syntheses, e.g.. 



(+} -noradrensdice 


According to Dalgliesb (1053), the configuration of (— }-noradrena- 
line is 

HO-C-H 



as 


PYRROUDINE GROUP 

Hygrine, C^j,ON, b.p. Itl3-196*, is one of the coca 
alkaloids. Its reactions show the presence of a koto group and a 
tertiary nitrogen atom, and when oxidised with chroit^ add, 
hygiinic add is formed. 

101 

C,H„0N 

hygrinlc add 

Hygiinic add was first believed to be a piperidinecarboxyiic nrld, 
but comparison with the three piperidine adds showed that this 
was in cor re ct . ^Vhen subjected to dry distillation, hygrinic add 
gives N-methyipyrroUdine ; hence hygrinic add is an N-methyb 
pyrrolidinecarb^'lic add. Fartbermore. since the decarboxyla- 
tion occurs very readily, the carboxyl group was assumed to be in 
the 2-postkm (by analogy with the «-amino-adds). This stmeture 
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l-methylpyrrolidine-S-cailioxyHc add, Jor hygrinic add was am- 
finned by synthesis {WiUstatter, 1000). 

Br(0Hd,-Br+[oH(CO,O,H,^ Na'*'— «-Br(OH,),-OH<CO,C,HA 


CSfl^ — ^EHj 

aooAH,), 

Bf Br 


CHrWH, 


U)Ha C^^CH-COjH 

I 

OR, 

(±)* hygrinic add 



I 

CH, 


Titus a possible structure for hygrioe is 



This has been confirmed by aynthesis, c^., Hess (1913) ; this 
aynthesia starts with pyrrylmagncaimn bromido and propylene 
oxide to form pyrryipropsinol (note the rearrangement that occors). 
This compotmd is then catafyticafly h y drogenated and then treated 
with formaldehyde ; the imino nitrogen is methylated aaid the 
secondary akobolic is oxidised to a teto group. 




iIgBr 


0H,-CH0H'0H, 




H-cno ^ 


^ GH, 

(±)-hygrifte 
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Anet rf al. (IW9) have also synthesised (±)-hygrine by con- 
densing y-raethyiamiDobotj'raldehyde with ethyl acetoacetate in a 
builcrcd solution at a of 7 (physiologiail conditions). 


^-CH, 

q^CUIO OH,-0 

in, 


iH. 

OH, -CO -OH, 


PHT 


Ah, aH-oH,-co oH, 

s/ 

Ah, 


513a. Cnscohygrlne {Cuikhygrint), b.p. 16&-170*/23 mm., 
occurs with hygrine. Its structure Is established by the following 
synthesis (Anet d al., 1&40) ; y-methylaminobutynddehyde Is con- 
densed with ttcetonc^carboxylic ester 


(^I,— GHi 

CIl, 


OT,-0H, 


;h, Aho + Ano Ah, 

CH,-co'cn, 

Ah, Ah, 

H.-C 


OH,— OH, Oil,— OH, 

I I I I 

0(1, on-oH,co- on,-o(i^^i. 


Y 

OH, 


euscobygrin* 


5I3b. Stocbydrlne Is obtained from the roots of Staekyt tuberifa, 
from orange leaves, etc. It b the betaine (§4. C. XIII) of the 
quaternary ammonium compound of hj’grinic add. 


cn,^ oii-cor 


514. Gmmlne has been found in barley mutanU ; it raises the 
blood-pressure In dogs when administered in small doses. Gmmine 
has b^ sjuthesised by allowing indole to stand in on aqueous 
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tolation containing fonnaldehyde and dimcthylamine (Snyder d el^ 
1944). 



PYRIDINE GROUP 

§15, THgoneUlne, ro.p. 130®, is widely dbtribnted 

in plants ; the beat scnirce ii the coffee bean. ^Vhen boiled with 
bariom hydroxide solatkm trigonelline produces mcthylamioe; 
thus the molecuk contains an N-methylamlno group. On the 
other hand, when heated with hydrochloric add at 260® under 
pressure, trigonelline forms methyl chloride end nkotinic add; 
this suggests that the alkaloid is the methyl betaine of nicotiaic 
add. This structure for trigonelline has been confirmed by 
fhods (Hantzsdb, 1888). When heated with methyl iodide in the 
presence of potaidom hydroxide, nicotinic add. I. is converted into 
methyl nlcotinate methiodide, II. IT, on treatment with "sflver 
hydroxide" tolation, forms nicotinic add roetbohydroxide, IH, 
which then spontaneously lose* a roolecnk of water to give 
trigondline (a betaine). IV. 



J16. Rldnlne, C,H,OjN^ m.p. 201-5®. has been isolated from 
castor-off seed; it is not a very toxic alkaloid. Degradative and syn- 
thetic wrork led to the snggestlon that I is the structure of rici nf ne. 
OCH, 



I 


This has been confinned by synthesis, e,g., Spfith ei ai. (1623). 
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|CO,H jcHj<o^ 
H 

4 -chloropjridin©- 
2:3-<fiearboiyno add 
Cl 




2-€arbotianildo-4*chloro- 
pjrWlna-S-carbnxjrlic acid 
CI Cl 


Cl I! ^C1 


OCHj 



2:4Hliehloro- 
pjri d/ n e • 3 -ca rbonaa Ide 
OCHj 


0 : 


CH, 

ridnlM 

This is not on onamblguoas ^’ntbesb, since II could have been 
3H:=ubonflinido-i<hIoropyridIne-2<arboxylic odd, lie, and conse- 
quently III would have been IHe. 



The structure of III was proved by the lact that on hj*drogcnation 
in the presence of Fd — BaSOi, it ga\'c 2-hj‘droxj'p}Tldine-3<ar- 
boxjdk: odd, IV. 

a 


CO, II m 

OH 


co,n 

OH 


III 


IV 



K tS 


COO ORCAOTC CSmnSTKY [CH. XIV 

A more recent synthesis of ridnine is that of Taylor d el. {1056). 



§17. Arcca (or Betel) nnt alkaloids. The betd nut is the 
source of a number of alkaloids vdiich are all partially hydrogenated 
toivatives of nicotinic add, e.g.. 



cuvjidne, gu\-4eojlne, 

m.p, 271-272* b.p. 1 14713 tom. m-p. 223' 



wecdia*. 

b.p.2C0* ' 


Let ns consider arecaidine ; its mol ecnla r formula, is CyH^OfN. 
NVhea distflled wsth zinc dost, gnvadno gives 3-fflcfhylpyiidinc J 
therefore this aDcnloid is a pyridine derivative. Now S^v^e a 
converted into arecaidine on b eat i ng with potassinin methyi 
ph flte and lodiuiti raethoxide (Jahns, 1888, 1890) I thus areewmne 
is a methyl derivative of guvadne, and consequently i s 

pyridine derivative. The nsud tests show that arecaidme contains 

onecarboxyigroup, aniST-mcthylgioop, andonedOTbtebOTQ, 

the for mu la for arecaidine may be written as C,H,N(CH^ 

Since the aflcaloi-d is a pyridine deitvative, the fragment (^Hr 
could be tetrahydropyridi^ This was proved to be so ^ 
and at the same time the posttions of tl» doable bond and arbox^ 
group were also established (Wohl ri al., 1907). * 

on treatment with ethanol in the presence of h)rdrogen cnionae. 



ALKALOIDS 


001 


§17] 

(jino 

pi + 2 c,ir,on+Hci- 

ai, 


ai(oc,H,), 

-pi, 

CH,Cj 


CHO 0 

CH, g 

1 I 

HO 

Ilf 

g CHO niNii.oit 


CH, ai, 

waocH 

V 

n, 


y 


in, 



CH, 


*- 



rv 



A 

•CQjH 

ar 

fit f CO, 


OJJ, CH, 

It 




CH, 


in, , 



VI 


Vlfl 


(0,H,O),0H CHfOOiHj), 

- pi, pr, 

cqi.^in, 

in, 

III 


/% 

CH, 

CH, OH, 
(Inij 


forms S-chloropro^onaldehyde acetal. IT. II reacts with methyl- 
amine to form |fl-methyUmInodipropionaJdeliyde tctra-acetal, III, 
which, on treatment with concentrated hydrochloric add, ring dosea 
to form l:2:5:0-tetrahydro-l-njeUiyIpyridine-3-aIdehyde, IV. This 
gives the cyano compound V on treatment with hydroxylamlne, 
foUowed by dehydration of the oxime with thJonyl chloride, and V 
is then converted into arecaidine by bj^irolysia. Arccaldine is VI, 
or possibly VLj, the dipolar Ion strncture («/. amino-adds and 
betaines). 

A more recent synthesis of arecaidine (and gnvadne) is that of 
McElvain e# aJ. (1946). 


CO,C,H, 


00,0,118 


Oil +NH, +^H 
CII, CH, 

ethyl 
ocryJaU 


c,n,o,c 00,0,11, 
CH, OH, 

in, Jm, 

^NH 


Ni 

(DHfkmaAA 

naoMa) 
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[CH, HT 


SCOAHi C«<fi>COQ. 


co,c,n, 


3-«irb«thoxyp{porit3' 

4'OM 


iiCO,n 


gavodoo 


|^^co,Cini 

ixi-CtiU ioOfiii 

c.,., 

Ah, 

ATocAklUie 


§18. Hemlock alkaloids. The most ijnportaat alkaloid ol this 
group is coniine ; it was the first alkaloid to be synthesised. OQ 
of hemlock was drunk by Socrates when he was condemned to 
death in 800 B.c. 

(+)-Conllne, C|Hi,N, b.p. 100-107*, is the fonn that ocans In 
oil of hemlock. \Vhcn dlkilled with zinc dust, coniine is converted 
into conyrine, CiH|{N (Hofmann, 1884). Since the oxidaticn of 
conyrine with permanganate gives pyridine'SHarboxyllc add 
(a-picolinlc add), it follows that a pyridino nucleus is present with 
a dde<hain in the S-position. Thus coniine is probably a piped' 
dine derivative with a side'Chain in the 2-pcisltion. This aidC'ditin 
must contain three carbon atoms, since two are lost when coityrine 
is oxidised. This stdC'Chain Is therefore cither «-propyl or /to- 
pTDpyl, and it was actually shown to be ^-propyl by the fact that 



(i^^eonHoe 
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when heated with hydriodic add at 300® under pressure, cxmline 
forms «-octane. Had the side-chain been t*<7propyl, then the 
expected product would be ito-octane. From this evidence It 
therefore follows that coniine is 2-«-propylp:pcridine, and this 
has been confirmed by synthesis (Ladenburg, 1885). The racemic 
confine was resolved by means of (-h)-tartaric add, and the 
(-h)-coniine so obtained was found to be identical with the natural 
compound. 

The reactions of coniine described above can therefore be formu- 
lated as foDows : 


/CiJ. 

OH, pH, 

in, CH,'0H,-0H,-CH, 


' GI I|' OH|OHt 
eoQyrine 



pjridlae-S- 
oarbojtylie aeld 


Coniine has also been synthesised from 2-methyIpyridine and 
phenyl-lithium as follows (Bergmann d ai., 1032) : 


-A — A ^ 

OH, >1^ V0H,-0H,'CH, 



OHiOH, 


Other hemlock alkaloids are; 
H, H, 

H,' 





conhj*drine »fi-eonhydrine 

§19. Pomejlranate olkalolda. The root bark of the pome- 
granate tree contains a nnmber of alkaloids, the most important of 
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wlikh is pdletierine ; three others are isopelletierine, mcthyUa>- 
pcDcticrine and pscudo-pcUetlcrine. The last of these fa related to 
atropine ( 522 ). 



pelletierine faopelleUerine 



I 

OH) 


methyluopelleUertoe 



pMado-pdletierlno 


PeHetlerine acetal has been synthesised by Spielman tt al (lE^l) 
by the action of S-bromopropionaldehyde acetal on 2-nirthyi' 
pyridine (a-pkoline) in the presence of phenyl-lithioxn, followed 
by catalytic redoctknL 




CHjBr 


OH,-CIH,-CIH[OOilW, 


!H,-oFi,aH(oa|H,), 


(±)-fona 


Pellctierine acetal was also prepared by Wlbaut d aJ. (1940) who 
attempted to hj'drolyse it to the free aldehyde ; they obtained 
only viscous oils. Spielman d ol. also failed to obtain the free 
aldehyde. Beets (1943) has therefore ingg^ed that pelletieriiw 
can, and probably does, exist as some bicyclic structure such as L 
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I 

530 . Plperlne, Ci^HyOjN, m.p. 128-120-5®, occnrs in peppCT, 
e^edally black pepper {Pip^ nigrum). Hydrolysis of ^perine 

C„H„O^ + N,0^C„H„O, + C.H„N 
piperic add piperidine 

with aHudi gives piperic acid and piperidine ; thus the alkaloid is 
the piperidine andde of piperic add (Babo d al., 1857). Since 
piperidine is hezahydropyridine, the slniclure of pipeline rests on 
the eluddation of that of piperic add. The routine tests thaw that 
piperic add contains one carboxyl group and two double bonds. 
When oxidised with permanganate, piperic add gives first pipcronal 
and then pipero ny llc add- The structure of the latter b deduced 
from the fact that when heated with bydrochloric add at 200“ 
under pressure, piperonyilc add forms protocatechulc add (3:4- 
dibydroxybensoic add) and form aldehyde. 

C,H.O, + H,0 
piperonyllc icld 

protocatechulc add 

Since one atom of carbon is eliminated, and there are no free 
hydroxyl groups in piperonylic add, the structure of thi^ add is 
probably the metbylMc ether of protocatechuic add, ij., piperony- 
lic add b 3:4-rDetbylenedioxybenioic add ; thb has been confirmed 
by synthesb : 



0 


COjH 


H-CIIO 


piperonylic add 
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Fnrthennorc, since piperonal {an aldehyde) gives pipcronylic arid 
on oxidation, piperonal is therefore 3:4-methylenedioxybcnzalde- 
hyde. 



piperonal 


From these result* of oxidative degradation, it therefore follows 
that piperic add is a benzene derivative containing only one side- 
chafn. It is this side-chain that contains the two double bonds 
(the ready addition of four bromine atoms shows the presence of 
two eikyienic bonds), and since the carefnl oxidation of pipenc arid 
gives tartaric add in addition to piperonal and pipcronylic add, the 
side-chain is a *' straight ” chain. If we aanme I as the structure 
of piperic add, then all of the foregoing products of oxidation may 
be accounted for. 



This has been confirmed by synthesis (Ladcnboig et aL, 1864) ; 
pip er o na l (prepared via the RcfaDcr-Tiemann reaction) is condensed 
with acetaldehyde in the presence of sodiom hj^iroxide (Qafacn- 
Schmidt reaction), and the product (a dnnamaldebyde derivative) 
is then heated with acetic anhydride in the presence of sodium 
acetate (Peririn reaction). 
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^Vhcn the add chloride of piperic add (prepared by the actioo of 
phosphorus pentacbloride on the add) is heated with pipendioe in 
bcnxene solution, piperine is formed ; thus pipeline is the piperidine 
amide of pipcric add. 


<1 


i0H-0HCH«0H-C001 

4 HN OH, 




OH=>OH*C1I-CHOO-N, 




0H,*CH,' 


yOBt 


piperine 


PYRROUDINE-PYRIDINE GROUP 


521. Tobacco alkaloids. Many alkaloids have been isolated 
from the tobacco leaf, <4., mootine, nicothnine (aimbasine), nor- 
nirarifli. etc. 

^^flcotine. b.p. 247 % is the best known and most widely 

“^tributed of the tobacco alkaloids; it occurs naturally as the 
(— )-foniL When oxidised with dichromate-sulpburic add (or 
permanganate or nitrk add), nicotine forms nicotinic add (Hubo, 
1867 ). 


nicotine 



nicotinic add 


It l» Initmctive, at this jxdnt, to »e« hoir the orientations of the 
three isomeric pyridiuccarborylic adds have bcoi elnddaied. 

Cu O" (J ■ 

Bip.ucr Bp-SM-nr ».p. 


>-N*I*Uiyl«mta«, I, whm rebjected to th. Sknwp 
.jmtlKrt (lec VoL I), i. conv^ted into 7;8-bmioqntoobM, U (thfa 
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Btroctunj U csUbliahed by Its «ynthe»U). 11, on vigorous oxlditioo 
vrith oUcalino pcrmanganato, gives tbo dicarboxyUc add III -which, 
v?hcn decarbo^latcd by heating -with caldam' Oxfdo, is converted Into 
Z'pbonylpyridmo, IV. This, on farther oxidatkm ^th permangaiute, 
gives a T^dlnecaiboxylic odd which most, from the itnactDre of IV* 
bo the 2-^d, ij., plcoUnic acid, V. ’ 



It HI 


u -“-“O 

tv V 


NUoiiuk oHd. This has been shown to be pyiidlne^S-carboxylic acid 
by a Bimllar sot of reactions, except that in this ease the starting material 
la S^naphthylamlno. 



■ICDtink mU 


iaoNkeiini^acid. This third Isomer iathcrofoTopyTidltio-^<aiboxyUc 

add. 

An alternative prtjof for tho orfantatioas of the se throe ad^ is 
based on tho stroct ure a of qainoUno and fsoqulDoUno 
been established by syntheds). Oxidatioo of quInoUno with a Oc^g 
permanganate gives quinolinic add wWch, by its method of preparation 
must bo pyrldiuo-S-.S^carboxylic add. When qalnoUiuc 
heated to 190“. one carboxyl grtrap is lost to produce nic otinm a™ , 
thus nicotinic add must bo dthor pyridlac-3* or -S-carboxpic soO. 
tsoQuinoline, on oxidatiou vrlth alkaline pcrmanganato, prodoexs 
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cinch omeronlc add, which must therelbro bo pyridlno-Si^-dicarboxyllc 
This, on gentle heating, gives a .mlsrtaro oi nicotinic and iso- 
nicotinic ; thus nlcotlnlc add must bo the S-add, and <«mlcotlnlc 
add tho i-ad(L Hence picoUnJc add is pyTidlne'2-carboxyllc add. 

CO 

^nolLjw 


00 

WTolnoUrN 



Returning to the structuie of nicotine, since nicotinic add is a 
prodoct of oxidation, the alkaloid therefore contains a pFyridine 
nudeus with a complex side-chain in tho S-podHan. Thus we may 
write the formula of nicotine as 



Because of Its formula, this side-chain was originally believed to bo 
piperidine, but further work showed that this was incorrect When 
nicotine xincichlaride is distilled, tho produxrts ore pyridine, pyrrole 
and methylamino (Laiblin, 1879). This suggests that side- 
chain CjHjjN is a pyrrole derivative. Furthermore, when nicotine 
is heated with concentrated hydriodic add at 150^ (Herzig-Meyer 
method), methyl iodido is formed. Thus the side-diain contains 
on W-methyl group. It therefor© appears that tho side-chain could 
be ?^-methylpym)lldme, but its point of attachment to the pyridine 
nudeus co^ be either 2 or 3 on the evidence obtained so far: 



The correct structure of nicotine was obtained by Pinner 
(1892, 1803). Treatment of nlcotiiw with bromine in acetic 
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add gives, among other prodacts, the hj^drobromide perbromida, 
Ci^j^ONjBr^HBr^j, whkdi, when treated with aqacooB wl- 
phurons add, is converted into dibromocotinine, Cj,Hi*0N,Br^ 
This, on heating with a mixture of sulphurous and sulphuric aadi 
at 130-140*, fonns S-acetyipyridine, oxalic add and methylaniine. 
Thus the ftructure of nicotine must account for the following ateletoa 
structures : 




1 

+ 0-0 + -N-OH, 

(oxalic acid) (methylamlM) 


(3-aeetylpyridino) 


Now bromine, in the pr e s ence of bydrobromic odd, converts nico- 
tine Into dibromotlcoaine, Cj^HgO»N,Br,, which, on heating with 
barium hydroxide solution at 100®, forms nicotinic add, malonic 
add and methylamine. Henoe structure of nicotine nmst abo 
account for the foDowtng akdeton ftructures ; 

I 

-N'OH, 
(methylamine) 

These two sets of reactions, taken in conjunction with one another, 
are satisfied by the following skeleton for nicotine : 


0 ' 


0«HbK _ if Vo „ „ „ 

+ 0 — 0—0 + 

(jsalonlo add) 

(nicotlnie add) 


O-O-O-O 


+ — N-OH, 


The problem now is : Where Is the position of the JV-methyl group ? 
Nicotine behaves as a di-Urtuiry base, and forms two feome^ 
“ methyl iodide addition products Thus the nitrogen atom in 
the side-chain must be of the type — C — N(CHj) — C — . Further- 
more, It is extremely difficult to reduce mcotinc beyond bexa- 
hydronicotlne (the pyridine part Is reduced to piperidine). 
the side-chain must bo saturated, and this can only be so if the 
chain is cyclic, f>., N-metbylpyTTolidino (CjHuN^CjHi'NCH, 
The presence of this pyrrolidine nudeus also accounts 
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for the formation of p^TTole when nicotine rindchloride is (^ed 
(see abo\'e). AD the foregoing facts arc satisfied by the foUovong 
structnre for nicotine. 



nJcottoe 


On this basis. Pinner’s work may bo formulated ; 



S-acetjdpyrfdIne 



The most direct analj^tical evidence for the presence of the pyrro- 
lidine nncleui has been given by Karrer (1025, 1026 ) ; nicotine 
hydriodide fonns nicotine isomethlodide when wanned ^th methyl 
iodide and this, on oiidatioo with potassium ferricyanide, is con- 
verted into nlcotone which, on oxidation with chromium trkudde, 
give* hygrinic acid Q13). 
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nlcoUrte wmiethlcKiJde nlcoUmo bfgrinlo add 


Pinner** formula for nicoUnc has been amfinned by synthesis, 
Spah and BrdscknHdtr ( 1028 ). 



fuceiolmlda S-pyrroUdoDe 







(±)*TiIcoUn» 
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TliB WHS resolved by means of (-f )-tartaric add ; the synthetic 
(_),nicotme is identical with the natnral compound 
Craig (1933). 


0 ^ + Br3rgOII,-CH,-CHtOO,H, 
Y-ethoiypropyl- 
migneshun bromide 

dcollnoxiiUile 



3»p5Tldyl Y*othorypropyI 
ketoDO 



, Solanaceous alkalolda. This group indudes atropine, 
ne and scopolamine (byosdne). 
bpln^i nnp. 118”, occurs in deadly nightshade 

itropa beUadonna) together with hyoscyamine, Hyoscyamine is 
optically active (lavorotatory), but readily racemiscs to atropine 
when wanned in an ethanolic alkaliiu solution ; thus atropine is 
{i}-hyoscyainine. 

When wanned with barium hydroxide solution, atropine is 
hydrolysed to (±)-tropic add and tropine (an ak»hol) ; thus 
atropine h the tropine ester of tropic add. 

(+)“Trt)ptc add, CyHi^Og, imp. 117”, is a saturated compound 
(it do« not add on bromine) ; the usual tests show that it contains 
one carboxyl group and one alcoholic group. When heated strongly, 
tropic add loses a molecule of water to form atropic add, 
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and tha. on oxidation, gives benzoic add, Thns tropic and atropic 
adds contain a benzene ring with one side-chain. It tbereiofe 


0,H,-OH-0H-0O,H 

1 


C,H,0-00,H 

CH, 

n 


follows that atropic add could be cither I or II, Since, however, I 
is known to be dnnatnic add, II must be atropic add. Addition 
of a molecnie of water to U wonld therefore give tropic add which. 


OH 

C,H,— 

CH, 



CH,CH 


m 


rv 


consequently, must bo either III or IV. Tropic add has been shown 
to be rv by ^thesis, Mackenzie and Wood (1010), starting 
from acetophenone. 


n-ff, 

cHr 



«d4 ^ bttt mim 

atrolaotb acid 


00|H 




tropic add 


UI is atrolactk add, and Its dehydration to II confirms the itnic- 
ture of atropic add. It should also be noted that the addition of 
hydrogen chloride takes place contrary to MarkownUrnffs rule (sec 
unsatorated adds, VoL 1} ; had the addition been in accordance 
with the rule, then atrola^c add would have again been obtained. 

It is tropic add that the a^rmmfltric carbon atom which 

give rise to the optically active hyosqmmlne. The above synthesis 
results in (d0*tropic add, and this baa been resolved by me a n s of 
quhiine. 

Blicke d ei, (1952) have synthesised tropic add by boBlng phenyl* 
acetic add with iropropylmagnesium chloride in ethereal sohitioiu and 
then treating the product, a Grignard reagent, with formaldehyde.^ 

o,h,-oh,-oo,h!2!^:52^!sS.- 

CO.MgOI 
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Troplne (tropanol). C,H,»OX. m,p. C0^ behaves as a saloratcd 
compound whkh cont.iina an alcoholic group. The ftructorc of 
Iropine was inxTSligatcd bj* Ladenburg (1SS3, 18S7), who showed 
that the molecule contain^ a reduced pjtidinc nuclcta: 


Tropinc — ►'*Tropinc Iodide ‘*- 

C,HuON C,H,4KI 


► Dib>*drotropidinc 
C,H.»N 


». CHjQ + norDihydrotropidinc - 


»■ 2-EthylpjTidinc 
C,H^ 


" Tropine iodide " Is formed b>* the rtplacemcnt of the alcoholic 
group in tropinc by an iodine atom, which is then replaced by 
hj^drogen to form dihj’drotropidine (Lropane). The formation of 
methyl chloride indicates the presence of an A^-methyl group, and 
the isolation of 2-cthylpjTidinc shows the presence of this nucleus 
(in a reduced form). Ijirgely on this evidence, Ladenburg was led 
to suggest the following nllcmati\‘c formulT for tropinc; 



Merlinc (IRf’I), bj’ the oxidation of tropinc with chromium trioxJde, 
obtained (ihfropinic acid. 

C,II„ON- -21-V C,H,.0,.S- 
tropinc (iHropinIc add 

Tropinic add H a dicarl«oxyIic odd. and since there h no 1 <k 3 of 
carMn in its formation, the h>-drox>i group in tropinc mu<t there- 
fore l>e m a ring sjitem. Thus Ladenlnrrg $ formula is unteruble. 
and so .Mrtling proposed the following structures for troplne : 



ai, 


cii, 


CIl, 




CTl| 

Cn,N* CHOU 


CTl, 
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Wnistfittcr (1805-1901) then examined the oxidation producti of 
tropine obtained as follows : 

Tropine Tropinone (±)-Tropmic add 
C,H„ON C,H„ON 

Tropinone behaved as a ketone; thus tropine is a secondaiy 
alcohol {c/. Mcrling’s formula). WiUstatter (1897) also showed 
that tropinone forms a dibenzylidene derivative with benzalde- 
hyde, and a di-oxfmino derivative when treated with amyl jdtrite 
and hydrochloric add. Thus tropinone contains the 'CH,*COCH,* 
grouping, and so it follows that Merllng's formula is also untenable 
Willstfttter therefore proposed three possible structures for tropine, 
but eliminated two by the consideration of various reactions of 
tropine, and was left with the following (which contains a pyridine 
and a pyrrole nudeos with the nitrogen atom common to both) : 



Not only did this fit the facts best, but it was also supported by the 
foibwing evidence : 0) Exhaosth^ melbylation of tropine gives 
tropilidcne (o^foheptatriene), C^H,. (fi) Exhaustive methyiation 
of troplnic gives an unsatirraled dicarboxyllc add which, on 
rednerion, forms jrimeiic add. 

An the foregoing reactions of tropine can be readily explained on 
the WnistStter formula. 

Formation of ir€iXylpyridine from tropins. 


CH^CT— OH, CH,-OH — CH, CHr-CH— CH, 

HOH, CHOH I NOH, CHI ™ ->- | CH, 

OHr-CH — CH, CH,-CH— OH, CHr-CH CH, 

tropina dlhjdrolropl^ii 

(tropane) 




alkaloids 


017 


Fomaiion of iropinone and tropiiu'c acid from tropins, 

OH|— CH — OHi dV—OH — OH,— (jH— OHi-OOjH 

I NOH, I NCH, 1 NOH, 

OH,— Ah— Ah, oh,''Cih — oh, oh,— oh— ooiH 


j NCH, yo - 
OH,— OH — OH, 


OH-00,H 
troplnlo add 


CH,— OH — 

1 NOH, CO 


dibonsjUdaneLropiflcmd * 


Formation of lrop{lidens from tropins, 

Hr-dl — OH, CH,— OT— OH, 

J . — I _ _ M.«n. J J 


— ijlHj 
NOH, m 
OH,— OH — OH 






OH,— CH — CH 


g^l HON(bS,), 5 H 

OHr-CH- OH 


* JL— L. AbQab 

OHc-OR — CH , 


L ' 

CH— OH— OH ■ 


Formation of pimdic add from tropimc add. 


Ell— CH-0H,-00,H 
NOH, 

Hr-AH-CO,H 

trojHnIo add 


CH,'^” CH ■ OH ,*00 , H 

-jno^HA 


OH,— CH-CHOO,H||,c„., QHr-OH“CH-0O,H (H,-CH,-ClH,-CO,H 

Car-CHOO,H 0H-0HC0,H CHiCH,-00,S 

plmello Add 

The itroctUTC of tropme has been con finned by lynthesis, ouo 
by Wnittfitter (1000-1903), and the other by Rotriinoii (1917). 


aH,-CH,-aH,-00,H 
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WiUsiaiicr’s syniAms. 


CHf'OHf* 


9H,‘0R,-C 


msL 


(H) HI 


OHrOH,‘OH, 
» K^>erOQe 

CET, 


TO*OH,*t 


OHfOHfOH, 

TO-aH,‘{ 




aH»-C3H,-C!H 


OH,‘CIH|«GHBr 


i’CE*’| 


5-SV 


aR|*ClH»‘CH*NC(H|)i 


OHri^efiUdieoe 


CQ^'QHt'CKiBr 

ftHj-OHBrOH OH«=OH— OH 

(]:4-ad<l!tkio) ij'cUMpUtrlena 

(Iroj^Udm) 


CH,-aHBr<3H| 




OJW3H— on 


OH;— O H ' " '1^ 

> Lr (nM.-<.lUOH . 

MOHA •P-iara^THE— • 
, IHr-aH««=CH 


OHr-OH- 


OH OH, 

' II 

GHj— OH CRBr 



{S}A^ih*>m 


CHf— ^ .(jjjjj 

I 

CHf — CR C5J 


OH, 


"CH| 


g au'-g^r 

CHi—orr — cm 

tropidifie 




«}»-tropiiM tfOf^WKW tropfoe 
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Robinton's synAesix. 

When a mixture of imr rfn al dehyde, mcthylamlne and acetone is 
allowed to stand in water for thirty minutes, tropinone is produced 
in very small yield. 


0Hr-<3HjD'‘‘‘’H jSOH, 

I + J^i+ <» ►-SH,0 + 



A much better jdeld (40 per cent) is obtained by using caldum 
ace tonedicarboxy late or ethyl acetonedkarboxylate instead of 
acetone ; the eddum salt or ester so produced is converted into 
tropinone by wanning with hydrochloric add, e.g. (ca ■■ Ca/2) : 


OHj-OHO 


in,- 


+ 0H|*NHi + 


(jlHi-COjC 


OHO 


rCOjca 


(jUH'COjCa 
NOH, CO 

CHr-l!n — iH-COjCm 



SchSpf et al. (103^ have obtained a yield of 70-86 per cent by 
earring out Robinson's synthesis at a of 7 (see also §28). 

The final problem Is to combine tropine with tro jn r add ; t}it< 
has been done by heating the two together In the presence of 
hydrogen chloride (Flscher-Spekr esterification ; see Vol. I). 


I I I 

NCH, OHQH+HOjOOH 


OH|-Cn — CH| 


I 

NCH, 


CH,— in' 


ino- 


.(VU 

lO-CO-CH 

i-hu 

Atropine 


Tropinone can be reduced 
to tropme, together with a small amount of ^tropine, by means of a 
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metal and add, the best combination being tine dost and hydriodic 
add ; or by means of electrolytic reduction. On the other hand, 
rednetion with sodiom amalgam converts tropinone into y-tropine. 
According to Mirra (1962), lithium ahimij&rai hydride reduces 
tropinone quantltativdy to y-tropine, but according to Beckett 
et (1957), 54 per cent, of y-tre^dne and 45 per cent, of tropioc 
are obtainwi A larger yield of the former (60 per cent) is obtained 
with aodhnn borohydride, and reduction with sodtan ai^ wbatanol 
(in toluene) gives the Tnarhnnm yield of ^tropine (88 per cent). 

Tropinc and ^troplne are geometrical Isomets, one isomer having 
the hydrogen atom on C, on the same side as the idtrogcn bridge, 
and the other isomer has this hydrogen atom on the o^>osite 
{e/. the bomeols, 523b. VUI) ; Big. 1 shows the two possible form 



(a) (« 

FiC. 14.1. 


Keither of these forms is optically active, since the molecule has 
a plane of symmetry. Cj and C, are asymmetric, but the molecule 
is optically inactive by internal compensation {see fTb. II), and so 
each isomer is a »7»«<>-form ; Cj is psendo-a^mmetric (see §8. IV). 
It should also be noted that another pair of opikaSy adha forms 
woxild exist if the fusion of the nitrogen bridge were trans ; this, 
however, is not possible {ff. camjdior, §28a. VUI ; also cocaine, 523)* 
The problem now a to decide which geometrical isomer (of the 
two forms diown in Jig, 1) is tropme and which is p*tropinc. 
Fodor (1963) has given evidence to show that f-tropine is tte 
fyjf-compound {tdtxogea bridge and hydroxjd group are in the op- 
position ; Fig. 16), and that tropine is the wift-compound (edtrogen 
bridge and hydroxyl group are in the 4rtf«s-pa*ition ; Fig. !«)• 



4#'troptn« tropio* 


Fio. 14J. 
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The problem, however, is more involved than this, »ince the con- 
formation of the piperidine ring has also to be considered. Fodor 
gives the configuration of the piperidine ring as the boat form in 
both isomers (Fig. 2). 

Zenit* d oL (1952) and Qemo d aL (1963) snpport these con- 
figurationj from evidmce obtatned by measurements of the dipole 
moments of these two isomers ; y-tropine has been shown to have 
a higher dipole moment than tropine. Zenitx d tU. have also 
shown from infra-red absorption spectra measurements that 
^►-tropine has intramolecnlar hydit^en bonding ; this is only pos- 
sible in the ryn-fotm. Bose d al. (1953), however, have assumed 
the chair form for the piperidine ring by analogy with the chair 
conformation of t^ic/ohexane compounds and pyranosidea (sec §11. 
IV). Thus these authors have sug^sted that p-tropine is 3 (fl), 
in which the hy dr o x yl group is equatorial, and that tropine is 
Fig. 3 (6), in which the hydroxyl group is axiaL 



(<i) 

<{f-trop(nQ 


iB) 

txoptrw 


FiO. 14*3. 


If these be the configurations, then It is difficult to explain Fodor’s 
work (which involves rearrangements), and also the fact that there 
is intramolecular hy dr ogen bonding in f^-tropine. Sparke (1963) 
has suggested that the chair form can readily change Into the boat 
form ; this would then explain the intramolecular hydrogen bond- 
ing. Archer and Lewis (1954) also adopt this explanation, but 
make the assumption that the bOTd energy involved in the hydrogen 
bond is sufficient to transform, at least partially, the more stable 
chair form into the less stable boat form ; in ^tropine the chair 
and boat forms are in mobile equflibrimn, the latter being the 
fgedominant fonru 

J22a. Tropelnes and pseudotropelnes. These are synthetic 
esters formed respectively from tropine and p-tropino with various 
organic a d ds. The tropics (including atropine itself) are powerful 
mydriatics (pupil dllatori) and feeble auaathetici ; the f»-tiopefaies 
are the reverse. One of the most important tropeinea is 
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{manddyUropcinf), which is prepared by combbung tropine with 
manddic add 


0 JJy— « ^ IJ— . 0R| 


KCR, CHCKX>C5H0H'C,Ht 

CHi— in— A h, 

homsitropSQe 


Hyoaclne (acopolamioe), C^H^O^N, is a ayrtip and is 
hevorotatory ; it is obtained from various sources, e^., Daiura 
Afdd. Hyosdne is a constituent of travel sidmess tablets, and 
when ad mi n i stered with morphine, produces " twilight tleq> ", 
Hyosdne is the (^)-tropic ester of the atmnoalcohol tcopine ; these 
two compounds are pr^aced by the hydrolysis of hyosdne with 
ammonia. 



•CH — CH| 


NOHj CHO'CO* 
■in CH, 


CHjQH 

cfe 


KHj 


byoedne 


<l: 


.OH— CH — (jH, 

NOH, CHOH + C,H,- 
CH, 


4 


CH,OH 

(XVH 


jroopine tropic add 


More vigoroiu hydrolysis of hyosdne with odds or aBcalis produces 
oseina {sccpoliTut)^ which is formed by the isomerisation of scopinb 



•oopine 


OH- 


"(j3I — ^ 
■HOH, CH- 

-Ah— Ah, 


aoine 


It is intercstuig to note, in this connection, that the action of 
dhitneUe sodhun hydroxide on {— )-hyo9cme at room temperature 
canses tha latter to racemise to (i)-hyo»chie. 

§23. Coca alkaloids. In thi< group ocenr cocaine, berxtoyl" 
cegonine, tropacocaine, hygrine Q13), cuscohygrine {§13a), etc. 
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-)-CocalDe, Ci^HnO^N, m.p. 08*, occms in coca leaves ; it is 
jiy soluble in water, but its hydrochloride is quite soluble 
ind is used as a local anscsthetic. When heated with water, cocaine 
s hydrolysed to methanol and bcnzoylecgonine. 


C„Hn04N + H,0 -h Cj.HmO^N + CH,OH 
cocaine bc^ylecgonlne 

Thus cocaine contains a carbomethoiyl group, and bcntoylecgonine 
a carboxyl group. When benioylecgonine is heated with barium 
hydroxide solution, farther hydrolysia occurs, the products obtained 
being benroic add and ecgonine. 

C„Hi,0,N + H,0 + C.H,-CO.H 

benzoylecgonine ecgonine 

Ecgonine shows the reactions of an alcohol, and so bensoylecgonine 
is the benioyl derivative of a hydroiycarboxylic add. The stmc- 
ture of e^nine has been deduced firm the nature of the products 
obtained by oxidation, vuu, 

Ecgonine Tropinone Tropbic add + Ecgoninlc add 
C,H„ON C^i.O^N C,HuO,N 

From these rwults, it follows that eqgonine contains the tropane 
Btmctiire and that the alcoholic gr o up must bo in the same position 
as in tropine (f22j. Now in the formation of tropinone from 
ecgonine, a carboxyl group is lost (as we have seen, ecgonine con- 
tains a carboxyl group). Thus the carboxyl group Is in a position 
such that the oxidation of the secondary ahxfhoHc gro up in ecgonine 
to a keto group is accompanied by the elimination of the carboxyl 
group. This tjqw of eliminatioa is characteristic of ^ketonlc adds, 

and this Interpi^tion of the results is confirmed ^ the fact that 
WlllsUltter d ai. (1898) actually observed the formation of an 
unstable /J-ketonlc add which lost carbon dioxide to give tropinone. 
Thus ecgonine is : 


CE^— ^ — ^*00^ 
I NOH, ^EBOT 
CHj — C n 'CIH| 
ecgoniiM 
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On this basis, the foregoing reactions may therefore be written: 
GHj— CH“CH'COiCH) CHj— C9fl— CH'COiH 

I NCH, hHO-CO-OtlU^^ CH/)H + I NOHj CTlO-OCKVHi 

CHj“ GH“ OHj CHj— C?l| 

CDca'me benxoyieegonme 


CHr-CTi — cH-cOjH 

— I NOH, emoji +C,H,-CO,H^ 

I I I 

CHr-CH— CH, 
eegoniM 


CHj- pi— ^-ocyij 
fJOHjCO 

I I I 


OHr 


Oa-CHfCOiH 

XGH, 


CHr-CH— CH| OHr-CH-CHt^tXVf 

^ j jcH, I |cH. + I . 

CH|-CH— CH( CHf-CH*CO,H CHi— CO 

tropUkoae troplnk add eegoniok add 


The structore of ccgonhie has been confirmed by syntbesa 
(WlUjt&tter d al., 1001) ; the startiiig pc^t is tropinone (see JSJ 
for its synthesis}. Before desenbing this synthesis, kt us first 
examine the strocture of eegonine from the stereochemical point 


CHf-fH— 'CH, 


of view ; It will be seen that there are four disslranar a 5 >’inmetnc 
carbon atoms present (*), and so there are 2^ = Ifi optkany active 
fonns (eight pairs of enantiomoiphs) possible (ef. trojane, f22). 
Since, however, only the ctr fosian of the nitn^en bridge is pcnibfc 
in practice, Cj and C, therefore have only one configuration (the 
efsriorm), and so there are only right optically active forms (f^ 
pairs of enantiomorphs) actually possible {tf. campbor, J23a. Vll^ •* 
three pairs of enantiomorphs have been p r ep ared synthetically. 

In the original synthe^ of Willstatter. the racemic ecgoi^ 
obtained was not fdmtical with the (— )-ecgoninc from (— )-cocainc, 
but its chemical properties were the same. 
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CH | ~- OH' CH| 

L ircH, io 

' I ^ 

f-CB—OBt CHi 

tropinono 


CHr-CH—CH 


• I- +CO, 

M3H, CON* 


:j— in- 


•OHi 


CH|— OT— OH-COjNa 

I ncHj CO > 

III 

OHf-OH— OH, 
todhun tropioor>ec*rboiyi*t« 


OH,— OH— CH-COjH 

I I I 

NCH, CHOU 
( I I 

CHr-OH—CH, 

a (±)-ecgonIne 


Later, NVillstSttcr d al. (1921) synthesised ecgonine by means of 
the Robinson method (see §22) : 


CH,-CHO H CH, -00,0,11, CH,-CH~ClI-CO,C,n, 

+ ^,■1-00 NOII, CO 

CH,-aiO A CTl,— A h— CH<X5,H 


CH,-CH— OH-00,C,H, CH, 

I ^ 

J j • I 

(lHr-CH— CH, CHj 


•OH— CH-CO,H 
I I 

NOH, GHOH 
I I - 

CH — OH, 


The final product vrns shown to be a mixture of three racemates^ 
(±)-ecgonine, (±)-^c»-ecgoiiine, and a third pair of enantiomorphs 
(WTIlstiltter ei al., 1923). The racemic eegonine was resolved, and 
the (— )-form esterified \rith methanol and then benzoylated ; the 
product was (— )-cocainc. 


CJ4— cn— CH-co,H 

CH,-cn“CH'CO,CH, 

1 Ncal.CHOJI mcH,o»-no^ 

1 1 1 Iu)C-4nf*COd 

- j NCH, ^0-00-C^IIi 

ciif-cii— in, 

CHf— CH— CH, 

(-)*ocgonlno 

(-)-eocftlD« 


In a ilmHar way, the (-h)- and (— )-y>cocaine3 were obtained 
from the corresponding ^p>ecgonmes. An interesting point in this 
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connection is that Einhom d id. (1890) riiowed that the prokn^ 
action of 33 per cent aqueoos potassimn hydradde conmts 
ecgonioc into y-ecgonine, and Findlay (1953) has fonnd that cocaine 
gbes y-ecgonine methyl ester by the action of sodhun mcthoi^ 
in hot methanol 

TropacocaJne, Ci,H||0*N, imp. 49®, occnri in Java coca 
leaves. When heated with bariom hj*droxide solution, tropacocabe 
is hydrolysed to ^tropinc and benzole arid ; thni the aDcaloW h 
benzoyhy-tropfaie. 



tropoeocaina »p-lTOpin® 


$23b. Cocaine eobttltntes. Cocaine is a very good local an> 
esthetic, but has certain disadvantages. The anc^hetic propertks 
are lost if either the benzoyl gr ou p or the methyl ester gremp is 
rcmo\'ed: removal of the W*tnethy( group has no ^ect- A number 
of synthetic drugs have now been introduced to replace cocaine as 
a local anasthetic ; their aniestbetic p roperties are as good as those 
of cocaine, and they arc less toxk. Two important substitutes are 
^>encaifle and procaine (novocaine). 

/lEucalne has been synierfsed by treating acetone with am- 
monia and then treating the prodoct, diacetonamiae (see VoL I), 
with diethyl acetal The pspcndocc thereby ptodo^ is tbm 
reduced and finally benzoyUted to give ^-encaitte. 

H HCH, 

SOHj-CO-OHj+HH,— .-H/)+NH io — 

(CHi)tO — in, 

CHj-CH— ca, /CH — 0% 

2C.H,OH + m Z^Uii a- HH OTO«HVH, 

(CHjltC CH, (Ojjj 

p-eoeadue 
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Procaine has been synthesised from ^nitrobentoic add 


NOt< 


o 


CO,H+HOCH,OH,a — NO,' 


0CII,*CH,01 



NH,^^^0O-O0H,-OH,N(C,nj, 

procaine 


QUINOLINE GROUP 

§24. Ao^oatora alkaloids, A number of aJkalcdds have been 
isolated from angostora bark, e.g., cusparine, gallpine, galipoline, 
etc. 

Cusparine. Ci,Hi,0,N, imp. 90-91*, has been shown to contain 
one methoxyl gmap (Zcisel method), and when fused with potassium 
hydnxdde, protocatechoic add Is obtained 


m 



00,H 


On the other hand, controlled oxidation of cusparine gives plper- 
onylic add and 4-raethox)-qninoline>2-carboxylic add. 



Consulcralion of this information led to the snggation of the 
following itructnre for cusparine. 
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cusparute 


This has been confirmed by ^thesis (Spfith rf td., 1024). 



4“inethoxy-2- pjperon*! 

methylqaioollnfl 



Galiplae, C^HnO^N, m.p. 113®, contains three methoxyl gnraps 
(Zeisel method). When oxidised with chromic arid, galipine pro- 
daces 4-methozyqninoline-2-carboxylic arid and veratric arid. 
Thns the for mu la of the alkaloid is probably: 



galipine 

This has been confirmed by synthesis (Spfith it aL, 1924). 
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Gallpollaoi Cj,H||OaN, m.p. 103*, conUins two mclhoxyl groups 
and one phenolic group. \Vhcn methylated with diaxomethanc, 
galipolino h converted Into galipine. Thus one ol the methoxyl 
groups in the latter a a hydroxyl group in the former. The position 
of this phenolic hydro.xyl was shown to bo in the quinoline nucleris 
by synthesis (SpSth d al., 102-1). 



p*ljpollne 
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$25. Cinchona alkaloid*. Cinchonine and quinine, together 
with many other alkaloids, occur in the bark of various spedcs of 
Cinchona, Cinchonine may be regarded as the parent substance 
of the cinchona alkalolda, but quinine is the most Important member 
of this group, its main use being in the treatment of malaria. 

§25fl. (+)-Cinchonlnc, Ci,H^,ON|, m.p. 264", adds on two 
molecules of methyl iodide to form a di-quatcmary compound; 
thus the alkakdd is a di-teitiary base. Since dnehonine forms a 
mono-acetate and a mono-benzoate, the molecule contains one 
hydrojcyi group. Furthermore, this hydroxyl group is secondaiy 
alcoholic, since on oxidation, dnrhnninfi forms ketone an- 
ehoninonc. Cinchonine has been slmwn to contain one ethylenic 
double bond by the fact that It odds on one molecule of bromiDe 
or halogen add, and that it is readily catalytkaQy reduced, one 
molecule of hydrogen being added on. 

Fusion of dnehonine with potassimn hydroxide gives lepidino 
{4-methjdquinollne), I, and on v^cmis oxidation with dnonric 
add in shlphurk add solution, dnriboninic add, II, is obtained 
(Kdnigt, 1604). Thus dnehonine contains a quinoline nucleus with 
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a side-chain in position 4 (III) ; this side-chain was referred to 
by Skraup as the " second-half " of the molecnle. The hydroxyl 
group in dnehonine must bo in thi< " second-half ", since if it were 
not, then a hydroxy darivative or a carboxy derivative (since the 
hydroxyl is alcoholic) of dnchonli^ add would have bear obtained. 
Oxidation of esnebonine with permanganate gives dnehotenine 
and formic add (Kdnigs, 1870). 

C,^uON, + 4[0] C,;H«0,N, + H-CO.H 

dnehotenine 

This suggests that there is a — CH^CH* group in the aide-chain 
In the " second-half 

\Vhen treated with phosphorus pentachloride, followed by etban- 
olic potassium hydroxide, dnchonhie is converted into cin c hiw 
whkh, when heated with 25 per cent- pbo^horfe add, fonra 
kpidine and a compound Kflnigs named meroquiiicne (Kfinigs et **•> 
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18S4). With the information obtained so far, vn may formulate 
the work of KOnigs as follows: 



dnehene lepidine 


+ C,HuO,N- 

raeroquineno 


Meroqninene (merogrrinenine) is also obtained, together with dn- 
choninlc add, when dnebonine Is oxidised ^rith chromic odd 
{Kdnigs, 1804). 



00, H 



+ CjHuOjN 
meroquioene 


doeboninlo 

add 


Thus the key to the structure of the ” second-half *’ is the struc- 
ture of meroquinene. The routine tots showed that meroquinene 
contains one carboxyl group and one double bond ; the presence 
of the latter indicates that the — CHa»CH, side-chain is still present 
in meroquinene. Oxidation of meroquinene ^vith cold odd perman- 
ganate produces formic add and dncholoiponic add, the latter 
being a dlcarboxyhc add (K6aigs, 1870). The formation of formic 

C.H.,O.K C,H„O.N + H-CO.H 

meroquinene dncholoiponic add 

add confirms the presence of the — CH—CH, side-chain in roero- 
quinene. The pr e se nce of this group has also been demonstrated 
by the ozonolyds of meroquinene; formaldehj’de is produced 
(Seekles, 1923). Oxidation of dncholoiponic add with add per- 
manganate princes loiponic odd, CjHnOiN (Kflnigs, 1890). This 
a also a dicarboiylic add, and since It contains one methylene 
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pm^tothanitspmmniOTcmchoIolpoofcicid 

the latter cOTtains at least a 5lde<h^^-CH,HX> 

The reactions of the above three add* indicated that ih- 
scco^ bales ; that they ah antainrf a 
shown by the following reactions. Ppcndme ring fa 

CHj 


( 1 ) MerrKjuloono 


; 0 ,H, 


CHi 


(ii) ^ncholoiponic tcid > 


(Ui) Lolponic .dd ; di, 'Vh-COjII 

V 

hggahydfwi oehoBigronlc 
add 

Co^eration of the above results shows that a possible «t<d>tnii 
•woetnre of meroqtiinene is ; 


A. 


0^ C— C — 0 

K i 

l^^probton ihM is to find the position of the remaining carbon 
cannot be an ^^-methyi group, since afl 
■ secondary bases. As we have seen, meroquineoe 

, at, group in the side-chain. A possible position 

e extra carbon atom is the side-chain oo n riming fhk nnsatur- 
in ^ *ide<haln 1* an aDyi group, — CH.-CH-CH^ 

P i^egomg facts can be explained on this basis, but the 
showing fact cannot, r£i., that mJuction of meroquineDe gives 
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dncholoipon, a compound which contains one carboxyl 

group and one ctk^i group. Thus the unsaturatcd side-chain can- 
not ^ allyl (this should ha\*c gi\'en a propyl group on redaction) ; 
the side-chain is therefore vinj'L This leaves only one possible 
position for the extra carbon atom, vix., 4 ; this would gi\'e a 
— CH,*CO,H group at this posttioD. and the presence of such a 
group has already been inferred (sec above). AH the reactions of 
mcroquincnc can therefore be explained on the following structures ; 


CIlj-COjI 


meroquIfWfW 

|tai 

CII,'CO,II 


CH|-CO,H 

■ ^11, ^(pi*oir,-cii, 

cii, cn, 

Y 

claclioloipon 


CII, 'CO, II CO,H 

(U +H-co,ii-J£i^ in 

^I, yi*CO,II yH,^CTI-CO,lI 

CII, CII, CH, CII, 


dnchololponlo add 


Joiponlo add 


Tliis formula for mcroquincnc is supported by the tynthcsls of 
dncholoiponic add (Wobl d al., 1007; <f. §17). 
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3 OH, + NH,- 

0H,C3 

p-chloropropkin*06t*I 


{C,H,O),0H 


ImlnodipropIonmoeUl 




OU(COtC<H4V»-C«H<OK 
(MdMl oa dt M U h) 


OH, O'OH O fijKBtOH 
•L L ™ 

Y 

CHfCOAIWi 

Jm 

Y'YYjii 

ill. OH. 

Y 


(pi,-CO,H 


...WWly I 

irOHO 

\l 




(±)-clncl»lolpMle 

add 


The nicemic dncholoiponic add was acctylated, and to this 
derivative was resolved by means of bnidne the ( 4 ')-fonn was 
identical with the add obtained from meroquinene. 

Since meroqtdncne is obtained from cinchonine by J* 

carbon atom of the carboxyl group in meroquineDe^^ be me 
point of linkage to the ’* quinoline-half ” at which sissum o 

" sccond-hah " occurs. Since dnchoninc is a di-tertiary base, to 

“ second-haH " therefore contains a tertiary nitn)^ atOTn. but 
meroquinene fa a s^cendaty base, and it therefore follows to m W 
foramtion the tertiary nitrogen atom is converted in^ a 
nitrogen atom, a carboxyl grwtp a^ being^ produ^ t^rtfarv 
A possible explanation for this b^viour “ 
nitrogen atom is a p:^ of a bridged ring, one C N 
broken when dnehonine is oxidised ; 


3-ri Qjrlqui naoUdine 


meroquinape 
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Thos, in dnchonlne, the " qainoline-balf *' must be joined via its 
side-chain at position 4 to the " qirinuclidme-half ” at position 8. 
The remaining problem is to ascertain the position of the secondary 
alcoholic group in the "second-half”. Rabe aL (1906, 1908) 
conv'crted dnchonine into the ketone dnchoninone by gentle oxida- 
tion (chromium trioodde). This ketone, in which both nitrogen 
atoms are still tertiary, on treatment with amyl nitrite and hydrogen 
chloride, gives dnchoninic add and on oxime. The formation of 

I 

an add and an oxime indicates the presence of the group — CO’CH — , 
ix^, a methyne gronp adjacent to a carbonyl group : 

R-CO — CHR, . R— CO + CHR, ‘?“*°*** > CR, 

i I II 

HO — NO OH NO NOH 

The structure of the oxime obtained from dnchoninone was sho%vn 
to be &-oximino-3-vinylquinuclidme by its hydrolysis to hydroxyi- 
amine and meroquinene. If we assume that the secondary alcoholic 
group connects the " qulnoline-balf ” to the quinueJidine nucleus, 
tlien the foregoing reactions may bo written as follows, on the 
assumption that the structure of dnchonine is as given. 



cinchonine ’ dnchoninone 



cinchonlnlo 

add oxime 



meroqoineno 



m 
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The above rtructure of dnchonine ccmtains fotir dL-gt^mnar 
metric carbon atoms, wi., 3, i, 8, and the carbon atom of the 
CHOH group (see 3-vinyIquinacUdine for numbering). One pair 
of enantiomorphs is (i)-cinchomnc, and another pair is 
chonidim ; the configurations of C, and C, are the same in both, 
since both give the stone 8-oxiiidno-3-vinylquinticIidine. 

A partial synthesis of dnchonine has been carried out by Kabe 
(1011, 1013). This starts from dnchotorine, which is prepared by 
the prolonged action of acetic add on dnchonine ; the latter 
isomerises (Rabe d <U., 1909). 



CH, ai, CH-CH-CH, 

1 I I 


olnchonine 


.CH 

in, CH'OH«*ciri 



CO -CH, 




ciochotoxino 


This isomerisation is an cacample of the hyiramine fiisxon (see §7). 
The convendoa of dnehotoxine Into dnchonine was carried out as 
foUovra : 





r- r- r 

o—aiif 


cjnchotoxlnc 


cH'Cir, 



HN 


N>OU 

TITST 



ai, cur 

I k 




!ircjf”CHi 


CK, 


C,140M«-*C*H,OH 


cinehoniiiofle 
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|25b. {— )-OnWDe, C^jjOtN^nLp. 177*, is nsed as a febrifogo 
and as an antimalariaL Since quinine adds on two molecules of 
methyl iodide to form a dl-quatcmary salt, it Is therefore a di- 
tertiary base. When heaied with hydrochloric add, quinine 
eliminates one carbon atom as methyl chloride ; therefore there 
is one mcthoxyl group present in the molecule. Since quinine 
forms a roono-acetate and a monobcntoate, one hydroxyl group 
must be present, and that this is secondary akohoUc is shown by 
the fact that oxidation of quinine with chroffnhim trioxide produces 
qinninone, a ketone. 

c„h,.o.n,-25..c«h„o.k, 

quinine quininonc 

Quinine also contains one ctbylenic double bond, as is shown by 
the fact that it adds on one molecule of bromine, etc. {cf. cinchonine) . 
Oxidation of quinine with chromic add prodnees, aniong other 
products, quinlnic add. 

quinine quinlnic 

add 

On the other hand, controlled oxidation of quinine with chromic 
odd gives quinmic add and meroquinene. Thus the " tecoud- 
half" in both quinine and cinchonine is the same, and so the 
problem Is to duddste the str u c t ure of quininic add. When 
heated with soda-lime, qtrinime add is decaiboxylated to a methoxy- 
quinoUne, and since, on oxidation with chromic add, quininic add 
iorms iyridine-S:3;4-tricaibox3dic add, the methoxyi group must 
be a substituent in the benzene ring (of quinoline), and the carboxyl 
gnrap at position 4 (Skraup, 1881). The position of the methoxyi 
group was ascertained by heating quininic add with hydrochloric 
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qufninlo udd pyridina-SrS;^- 

triearboxyllo add 


add and then dccarboxylating the demcthylated prodoct; 6- 
hydroxyqoinolina (a known compound) was obtained Tims 
quinloic add is O-methoxycmchoniaic add. 



qultUnie add C-hydroxyqniudioe 


This structme for qtdninic add has been confirmed by ^thesis 
(Rabc d al„ mi). 



The direct oxidaticm of O-methosy-i-njethylqointdme to^ tfoinlnic 
add is extremely difBcnlt ; oxidation of the methyl group is 
panied by the oxidation of the benzene ring;, the ftnai product beiag 
j^ridine-2;3:4~tricarboxylJc add (see J26). 
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Thus, on the basis of the foregoing evidence, the structure of 
quinine is : 



This formula contains the same four asymmetric carbon atoms as 
dnchonine ; thus the same number of pairs of euantlomorphs is 

possible. One pair is (±)-quinlne, and another pair is 

the configuratioiB of and C 4 are the same in quinine, quimdine, 
cinchoniiw and dnchonidlne, since all four give the same 8 -oiiinino- 
a-vinylquinuclidine (see 

RabesftfZ, (1918) carried out a partial i^thesis of quinine starting 
from quiaotorine, which is prepared by heating quinine in acetic 
add {e/. dnchotorine). Woodward and Doering (1944) have syn- 
thesi&ed (+ )-qalnotQxine, and so we now have a MaJ synthesis of 
quinine. The following Is Woodward and Doering’s work np to 
(+)-qtiinotoiine, and from this to quinine is Rabe’s work, m- 
Hydioxybenraldehyde (T) is condensed with aminoacetal (II) and 
the product, 7-hydroxy»xoquinoIino (lU), is treated with form- 
aldehyde in methMol sdution containing piperidine. The complex 
formed (IV) is converted into T-hydroxy-B-methylwoquinoline (V) by 
heating with methanoUc aodkrm mctboxidc at 220®. V, on ca^ytic 
redaction (platinum) followed by acetylation, gives ^-acetji-7- 
hydroxy-8-methyl-I:2:3;4-tetrahydrottoqulnoline (VI), which, on 
further catalytic reduction by heating with a Raney nickel catalyst 
under pressure and then followed by oxidation with chromium 
trioxlde, is converted into ^T-acotyl-V-keto-S-methyldecahydrwfO- 
quinoline (VII). VII is a mixture of cis- and <ra»«-isomer 8 ; these 
were separated and the cu-isomer (VITa ; see §11 vlL TV for 
conventions) then treated with ethyl nitrite in the presence of 
sodium ctboxide to give the homomeroquineno derivative VIIL 
This, on reduction, gives IX, which may now be written more 
conveniently as shown. Exhaustive roethylation of IX, followed 
by bydroly^, gives aj-(±)-homoincroquineDe (X), X, after esteri- 
fication and bcnioylation, gives XI which, on condensation with 
ethyl quininate (XIT), produces XIII. This, on heating with 16 per 
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(+)-qtiInIoor>o 



. (±}''qQ(niae 


ISOQVINOUNE GROUP 

Opiam alkaloids. Many olkaloids-Jmve been isolated £rom 
opium, and they are divid^ into two groups acwjrding to the 
nature of their structure : 

(i) iioQmnolins group, papaverine, laudanosine, etc. 

(ii) PhcnctnikTeno group, c^,, morphine (see §27). 

§26. Papaverine, C^HnO^N, ni.p. 147®, is one of the optically 
inactive alkaloids ; it does not contain any asymmetric carbon 
atom. The structure of papaverine was established by GoldschmJedt 
and his co-workers (18^1-1888). Since papaverine odds on one 
molecule of methyl iodide to form a quaternary iodide, the nitrogen 
atom in the molecule is In the tertiary state. The application of 
the Zeisel method shows the presence of four metho:^ groups ; 
the demethylated product is known as papaveroline. 

CwHnO^N -I- 4HI-*- 4CH,I + Cj.Hj.OiN 
papaverine ^ papaveroline 



ALKALOIDS 


043 


526 ] 


When oxidised with cold dilute permanganate, papaverine fa con- 
verted into the secondary alcobd papaverinol, C^nO,N. This, 
on more vigorous oxidation with hot dflnte permanganate, fa oxidised 
to the ketone papaveraldine, C*,H„0,N (it fa the formation of this 
that shows that papaverinol is a wconiary alcohol). Finally, 
the prolonged action of hot permanganate oxidises papaveraldine 
to papaverinic add, CnHnO^N. This add fa a dibasic add and 
still contains the keto group present in its prec ur sor — it forms an 
oxime, etc. ; papaverinic add also contains two methoxyl groups. 
The foregoing reactions lead to the condnsion that papaverine 
contains a methylene group. 


(C„H„0,N]CH, (C,.H„0,N)CH0H (Ci,HuO,N)CO 

papaverine papaverinol papaveraldine 


When oxidised with hot concentrated permanganate, papaverine 
(or the oxidised products mentioned al»ve) fa broken down into 
smaller fragments, rfr., vemtric add, metahemipinlc add, pjridine- 
2’4l:4-tricarboxylic add and 6:7-<iimethoxywoqTrinoline-l-carboxylic 
add. Let us now consider the evidence for the structures of these 
compounds. 

Vcratrlc add. ^Vhen decarboxylatcd, vcratiic add fonns 
v e ral role. Since this fa o-diroethoxybcnxene, veratric add is there- 
fore a dimethoxybenroic add. The position of the carboxyl group 
with respect to the two methoxyl groups fm the oriAo-position) fa 
established by the following syntheds. 



reratric acid 


Thus veratric add fa 3:4-dimethoxybenioic add. 

Metahemipinlc add. This fa a dlcarboxyiic add, and when 
decaiboxyiat^ by beating with caldum ocdde, veratrole fa formed ; 
thus metahemipimc add contains two methoxyl groufa in the 
orrto-positkin. Furthermore, since the add forms an anhydride 
when heated with acetic anhydride, the two carboxyl gr oups most 
be in the ortAo-positioiL Thus metahemipinic add fa either I or IL 
Now metahemipinic odd forms only mu monocster ; 11 permits 
the formation of only one monocster, but I can give rise to two 
difierent monoesters. Thus H fa metahemipinlc add ; I fa actually 
hemlpinic add (this isomer was known before metahemipinic add). 
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(ati-co),o 


hemlpfnlo add 


,c^ cH/)/A.ccs n cHp/Ajm 

CH,o{^ cHfi\Jco,n ^ CHflXJcxi 

11 

meUhemlpinia 

add 

Pyridlne-2:3:4-tricarboxyllc acid. The routine tests showed 
that this contains three carboxyl gronps, and since decarboxylatkrn 
gives pyridine, the add must be a pyridinetricarboxylic add. The 
positions of the three carboj^l groups are establmhed by the fact 
that this pyridinetricarboxylic add is produced when Icpddine 
(4>methylquinoUne) is oxidised. 



lepidlna P7Tidin®*2;3:4» 

tricarboxylic add 


6:7-Diinethoxy/roqulnQUne-l'Carboxyllc add. The usual 
teats showed that thh compound contains one carboxyl group 
two methoxyl groups. On oxidatiem, this add forms pyridine- 
2:3:4'tricarboxylIc add ; when decaiboxylated, the add forms a 
dimethoxyisoquinoUne which, on oxidation, gives metahenripinic 
add ; thus the structure is established. 



pyridine*S:3t4- 6:7-dlmethoxy- 

tricarboxylic add uoqulnollno- 

l-eariwiyllc odd 
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CH>0|A|00,h 

OHpLl/K CHaoilJoO,H 

meUhexnipinio Add 


We may now deduce the strncture of papaverine as follows : 
(I) The isolation of veratric add indicates the presence of group m 
in papaverine, 

(ii) The isolation of 6:7-<ilmethoiyi4oquinoUne-l-carboxylic add 
indimtes the presence of group IV In the molecule. 



The presence of these two groups also accounts for the isolation 
of the other two fragments. 

(ni) The total carbon content of in (9 carbon atoms) and IV 
(12 carbon atoms) is 21 carbon atoms. But papaverine contains 
only 20. There is, however, a — CHg — group present, and if we 
assume that C* and C* are one and the carbon atom, vix. 
the carbon atom of the CH, group, then the following structure of 
papaverine accoimts for ah the facts : 



OCHj 

papaverine 





OHGAKIC CHKiaSTEY [Ch. 

Thra, mill thb fonnnla, we can fonnnlate the oxidation of nan. 
verine as follows ; 



OGH, OOH, 

paparerine papareriool 



OCH, OCH, 

paparcraldlna paparerinle add 


This stracture for papaverine has been confinned by ^thesis. 
The first synthe^ was by Pictet and Gants (190^, bnt Bide and 
WiUdnson (1945) carried otit a simjder one, and it is thfa that is 
described lore. 



h am aventr^amlDO 


bonwreratroyi 

chloride 
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OOH, CMDH, 

papaTerlne 


Some other alkaloids of the «oqninolino group are : 



■UocUjk»Ii)o ■ UuduiUi. 
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PHENANTBRSNE GROUP 

P7« Morphinet codeine and thebalno. Tliese are three 
important ophun alkaloids which contain the phenaotbrene nnckos. 

(— )-Afor^Wtw, Ci,Hj,OjN, nup, 254®, is the chief alkaloid in 
opfom, and was the aD^id to be isolated (SertOrDer, 1806). 
Ihe usual tests show that the nitrogen atom is in the tertiaiy 
state, and since morphine forms a dia^tate and a dibenxoate, tm 
hydroxyl groups ore therefore present in the molecule. Morphine 
gives the ferric chloride test for phenols, and diaolvcs in aqueous 
sodium hydroxide to form a monosodium salt, and this is recon- 
verted into morphine by the action of carbon diocrido ; thus on* 
of the hydroxyl groups is phenolic (Matthieasen ei a/., 1866). The 
second hydroxyl group is secondary alcoholic, as is shown by the 
following reactions. Halogen adds convert morphine into a mooo- 
halogeno derivative, one hydroxyl group being recced by a halogen 
atom. When heat^ with methyl Iodide in the presen ce of aqueous 
potaasinm hydroxide, morphine Is methylated to give {^ycoddn*, 
CjgHjiOjN, iTLp. 165® (Grimaux, 1881). Since codeine Is no longer 
soluble in alkalis. It therefore follows that it is only the phonoixe 
hydroxyl group in morphine that has been methylated. Further- 
more, codeine can be oxidised by chromic acid to codwwn*, a ketone 
(Hesse, 1884). Thus the hydroxyl group in codciae (and this one 
In roorphlDe) is secondary alcoholic, and so codeine is the mono- 
methyl (phenolic) ether of morphine. 

{-yThdmne, C„H„0,N, m.p. 103®, produces two molecules of 
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methyl Iodide when heated with hydriodic add (Zeisel method) ; 
hence thebaino is a dimethoxy derivative. When heated with 
sulphnrlc add, thebaine eliminates one methyl group as methyl 
hydrogen sulphate, and forms codelnone {Knorr, 1006). The for- 
mation of a kdone led Knorr to suggest that tbelraine is the methyl 
ether of the mdic form of codelnone. The foregoing work can thus 
be summarised by assigning the following formulae to the compounds 
described : 


C,.H„ON 


-—OH 

CHOH 


C„H„ON 


p_OCH, 
L— CHOH 


morphine 


codeine 


Ci.H„ON^ 


OCHj 


I— CO 

I 


codeinone 


f— OCH, 
Cx,H„ON^ 

t— C-OCH, 

II 

thebaine 


So far, we have accounted for the functional natiire of two of 
the oxygen atoms ; the unreactivity of the third oxygen atom 
suggests that it Is probably of the ether typo (Vongerichten, 1881). 

AH three alkaloids are tertiary bases (each combines with one 
molecule of methyl iodide to fonn a methlodide). When heated 
with hydrochloric add at 140® under pr es sure, morphine loses one 
molecule of water to form apomorpkine, Ci,HitO|N. Codeine, under 
the same conditions, also ^ves apomorpblne (and some other pro- 
ducts), Thd»aine, however, when heated with dilute hydrochforic 
add, forms ttriwnns, Ci*Hi,0*N (a secondary base), and with con- 
centrated hydrochloric add, moTphotbebainc, CuHi,0^ (a tertiary 
base). Thus, in the fonnatioo of thdjenlne from thebaine, a tertiary 
nitrogen atom fa converted into e secondary one. For this change 
to occur, the tertiary nitrogen must bo of the tj^w >N*R, where 
tbe nitrogen fa In a ring system ; bad the nitrogen been in the 
group — NR^ then the formation of a primary base could be 
expeitel 

\Vhen moridilDe fa distilled with rinc dust, phenanthreno and a 
number of bases are produced (Vongerichten d al., 18OT). This 
suggests that a phenanthiene nudens fa probably present, and this 
has been confirmed as followt. When coddno methlodide, I, is 
boiled with sodium hydroxide solution, a-metbyimorphimethiDO, 11, 
fa obtained and this, on heating with acetic anhydride, fonns 
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methyiinorphol, HI, aad efhnnoldimethylamine, IV (some of II 
isomerises to /9-incthyLinorphimetliine). 

r^CH,}+r,^„ r=NCH, _ - 

C„H,.oJ-OCH, OCH, - 

1— CHOH l-CHOH 


C,iH.,0, + {CHJ,N-CH,-CH,OH 

nr IV 

The atrnctore of methylmoridjol (HI) was ascertained by heflHn g 
it with h3rdrochloric add at IfiO* un(to press u re ; methyl ‘ ’ 
and a dxhydroxyphenanthrene, morphol, were obtained. ‘ , 

of dlacetylmorphol gives a dlacetyiphenanthiaqninoiie'; thus posi 
tions 9 and 10 are free. On further oxidatjon (permanganate), *b 
quinono is converted into phtbalic add ; therefore the two ’ ^ di- 
groups are in the same ring. Since the fusion of morphine ^ 
alkali gives protocatechnic add, this shows that both ’ y'- y 
groups in morpbol are in the ort^pedtiom FmaDy, Pschoir d 
(1900) showed by synthesis tbat dimethylmorphol is dtiniimethuA^ 
phenanthrene PBchorr synthesis, §2 vii. X), 
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Then Pscborr d al. (1902) synthesised methylmorphol (IH), and 
showed it to be 4 -hydroxy- 3 -metlioiyphcnantJu^e fin this synthesis 
PschoTT used 3-acetoxy-4-methoxy-2-nitrobenraldehyde). 



The formation of ethanoldimethylamine (TV) from a-methyl- 
morphhne thine indicates that there is a >NCHi group in codeine 
(only otu methyl iodide molecule adds to codeine to form codeine 
methiodide : it has also been shown above that this nitrogen is in 
a het erocycl ic ring). 

When ^methylmorphimethine is heated with water, the products 
obtained are trimethylamine, etltykne and rndhylmorphtnol (Vaa- 
gerichten, 1896). Demethylation of this compound with hydro 
chloric acid produces tnorpkenol, a compound which contains one 
pbenoHc hydroxyl group and an inert oxygen atom. On fusion 
with pota«hmi hydroxide, roorpbenoJ gives 3;4:5'trihydrQxyphen- 
anthrene (Vongerichten d «/., 1900). The structure of this com- 
pound was shown by the synthesis of 8:4:5-trimethoxypbenanthrene, 
which was found to bo identical with the product obtained by 
methylating the tribydroxypheoanthrene obtained from morphenol 
(PschoTT d al., 1012). Furthennore, the reduction of morphenol 
with sodium and ethanol gives morphol (Vongerichten, 1898). 
These results can be explained by assiming that morphol has 
a structure containing an ether linlcage in positioni 4:5 (of the 
p^ienanthrene nucleus). 
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morTrfjol 


Coddnone, oo heatlag with acetic anhj^de, gives ethaaol- 
mcthylamine and the dlafcctyJ derivative of 4:6-dihydroxy*3- 
methoxyphenanthrene. 


code! Done 


The position 3 of the racthoxyl group and the position 4 of ^ 
hydroxyl gro up have already been accounted for ; the hydroxyl 
g ro up in the 6-positlon must therefore be produced from the oxygen 
of the keto group in codelnonc. 

Based on the foregoing evidence, and a large amount of other 
experimental work, GuUand and Robinson (1923, 1925) have 
proposed the following structures. 




oxioinone 
(keto form) 


codelnone 
(cnol fonn) 


thebAlne 


Gatea rf al. (1050) have now synthesised morphine. 

p8. Biosynthesis of alkaloids. As more and more stnictnres 
of alkaloids were elucidated. It became increasingly probable that 
the precursors in tho biosynthesis of alkaloids were amlno-adds 
and amino-aldehydes and amines derived from theni, A particu- 
larly interesting point is that the consideration of biosynthesis 
has led to deductions in structure, e.g.. Woodward (1048) proposed 
a biosynthesis of strychnine, and from this Robinson (1048) deduced 
the structure of emetine which was later confirmed by the synthetic 
^s-ork of Battersby H al. (1050). 

We have already seen (jlS. XIII) how keto-adds may bo con- 
verted Into amino- adds, and vice-versa. There axe enzymes 
which bring about the decarboxylation of amino-adds to amines 
and the decarboxylation of a-keto-adds to aldehydes. Thus amino- 
adds, amines and amino-aldchydes, together with formaldehyde 
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(or its equivalent) are believed to be the unita involved in tbc 
biosyntbesia of alkakiids. 

The following examples of biosynthesis illustrate the prindpfcs 
outlined above. 

Adrenaline (§12) may possibly be formed from tyrosine as follows ; 


HO 




HO 


HO-^^^OO-OHfNHjl-CO^H HO ^^^00- OH,- NH, 


n u H U 


noradrenaline 


A study of the formulas of hygrine (§13) and cuscohj^rine (§lSa) 
shcnvs that the twb most reasonable units are acetone and pyrro- 
lidine. The biosynthesis of acetone occurs via acetoacetic acid (see 
$32a. VIII), but the precur so r of the pyrrolidine hagment is less 
certain. most likely amino-add precursor appears to be orni- 
thine, which could undergo the following reacticais to give 4-meth}d- 
aminobutanah 



This compound may then be imagined to condense with a c e t one 
(or acetoacetic add) to form hygrine and cuscohygrlne {cf. §§13, 13a). 
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In the same way, the peHetiermo group of alkaloids (§10) may 
all bo imagined to be formed from 6-aimnopentanal, e.g., Anet d al. 
(1040) havo condensed this aldeh 3 rde with acetoacetic add at^H 11 
to givT tropelletierine ; and 6-methylaininopentanal with aceto- 
acctic add at 7 to give methylisupcDetierine, The amino-add 
prcousor of 6-aniinopentanal is most likely lysine (the homologue 
of ornithine). It should also be noted that conversion of the keto 
group in wpelleticriiie into a methylene group gives coniine : 



tafpeOctifriDo ctmilno 


Now let us consider tropinone. Since this compound contains 
the hygrine skeleton, one possible mode of biosynth^ of tropinone 
could be via hygrine as the precursor ; 


CH,— CH CH, CH,— CH CH, CH^-CH CH, 


li-CH, io j io 

<!:h, CH,— inoH (Ih, 


1^-CH, !x) 

(Ih, 


On the other hand, tropinone has been synthesised from socdn- 
aldehyde, methylamine and acetonedi carboxylic add under phjTrio- 
logical conditions (§22). In this case, the problem is the nature 
of the precursor of sncdnaldehyde. Glutamic add is one possi- 
bility, and sncdnic add is another. The biosynthesis of cocaine 
(§23) is armllar to that of tropinone. 

The biosynthesis of some alkaloids containing a piperidine ring 
has already been discussed. Mannich (1W2) has suggested that 
arecoline (§17) is formed as follows : 



I 


Mannich obtained I by carrying out the condensation with a mix- 
ture of acetaldehyde, formaldehyde and methylamine at room 
temperature at pH 3. 
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It has been suggested that the structural unit of tsoqumoline 
alkaloids is phenylcthylaminc (and its oxygenated derivatives); 
this amid be derived from pbraylalanine, B,g., papaverine (528) 
might possibly undergo biosynthesis as follows : 



Support for the plausibility of this mechanism is given, e.g., by 
the formation of the tetrahydroiioqulnoliDe from the condensation 
betNveen 3:4-dihydroxyphenyIethyIainine and acetaldehyde at 
pa 3-6 (Schlipf d ai.. 1934). 
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CHAPTER XV 


ANTHOCYANINS 

§1. Introdactlon. Anthocyanins are natural plant pigment*; 
they are ^ycosides and thdr a^3^»ns, ia, the sugar-free pigments, 
are known as the anOiocyanidins. The antluxyanins, which arc 
\vatcr-solabIe pigments, generally occur in the aqueous ceD-sap, 
and are responsible for the lai^ variety of colours in flower* ; 
red — violet — blue. WBlstattcr et aL (101S-) showed that the 
various shades of colour exhibited by all flowers are due to a very 
small ninnbcr of different compounds. Furthermore, these different 
compounds were shown to contain the same carbon skeleton, and 
differed only in the nature of the substitnent groups. The antho- 
cyanin pigments are amphoteric ; their add salts are usually red, 
their metallic salts usually blue and in neutral solution the antho- 
cyzitms are violet (see also §6). 

fl. General nature of the anthocyanins. The fundamental 
Dudeus in anthocyanidins b benxopyryliam rhlnride, but the 
parent compound b 2-phenylbai£Op3nyllam chloride or flavyllam 



beniopyrylhim DavyJiora chloridB 

dJoride 


chloride. All anthocyanidins are derivatives of 3:5:7-trihydroxy- 
flavylium chloride. The following table on page 659 shows some 
common anthocyanidins (as dilozides). 

Various mgam have been found in anthoQ'anins ; the most 
common are glucose, galactose and rfaamnosc, and the roost im- 
portant of these b glucose, which occurs as the diglucosde. Some 
pigments, as well as being glycosides, are also a^dated dalvativo, 
two common adds being ^hydroxybcnxoic add and malomc 
The add radical may be attadicd dtber to a phenolic hydroxyl 
gro up in the flavylhnu nudeus or to a hydroxyl group in the sugar 
residue. 
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Aglytou 


TrMtl name 

detnlol name 


PeUrgooitliii . 

3:4':fi;7-Tetnliydroiyfl»»yliinn 

chloride 

Present In or*nge-red to 
scarlet floveis, acsr* 

let Ptlergonhm, oisnge- 
led dshhs- 

CjtnMin . . 

3 J';4*:S:7«Pentmhy«lroxy- 
flsvylhnn chlozvle 

1 

Present in crimson to 
blolsh-red flowers. 
deep red dshUs, r» 
roses, bln# cornflower. 

De^iliinldin . 

1 

3:S'^4 'JStS': T*Hoxabydru*y* 
flsTylhna chloride 

Present In TlcJet to bloe 
flownrs, Delphlnhun- 

1 

Peaoidin . 

S:4't5r7*Tetimhydra»y-3'- 
methoxytUv^am chloride 

1 Present In flowers less bine 
thsn the Cysnldin 5 itmp, 
t.g., red peony. 

MaMdhi 
(Syringidla) i 

3:4':3:7'Tetnhydraiy^dl'- 
dlaiethorfflsvylhun chloride 

rreseot In flowers less Utie 
than the PelphlnJdtn 

1 group, »4., Primuia 
piswe. 

HlrsatUUn 

J:4':5.Tr11iydrox7-r:6':7. 
trimethaxyJerylhnn clilodde i 

Present in Primit]* JUmtfs. 


A namber of qualitative tests have been iutrodnced to identify 
the variota anthocyauins without actually isolating them (Robinson 
d el., 1031-1933. 1938) ; 

^ The pigment is extracted with amyl (pentyl) alcohol In the 
presence of sodium acetate containing a trace of ferric chloride ; 
cyanidin gives a blue colour, ddphinldln a leas intense blue colour, 
and the others still less colour or no colour at alL 

(ii) A dilute sodium hydroxldo solution of the pigment is 
with air ; delphinidin (and petunldin) is decolorised and the others 
are not 

(Hi) More recently chromatc^paphic analysis has been used to 
identify anthocyanlns. 

(iv) The spe ctr a of the anthocyanlns In the region 6000-6600 A 
are similar, but Geissman d el. (1063) have shown that the addition 
of aluminium chloride to solutions of certain anthocyanins shifts 
the absorption maximum- Only anthocyanins with the 3':4'- 
dihydroxyl groups free show this shift, and so this observation 
may offer a method for analysing anthocyanin mix tm es. 
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§3. Structure ot the anthocyanldlna. The anthocyanin o 
first hydrolysed with hydrochloric add and the anthocyanidin is 
then isolate as the chloride. The usual analytical meth od s are 
applied to determine the number of hydroxyl and methoxyl grcraia 
present in the molecnle. The structure of the anthocyanidin is 
ascertained by the nature of the products obtained by fusing the 
anthocyanidin with potassinm hydroxide (WHlstattcr d oL, 1916) ; 
phloroglncmol or a methylated phloroglucdnol and a pbenoKc add 
are always obtained, e,g,, cyanidin cdilorlde gives phloroglucinol and 
protocatedniic add. 



pyanJdln c^oride 


This method snffers from the disadvantage that the fusion (or 
boQing with concentrated potassium hydroxide solution) not only 
degra^ the anthocyanidin, but also often demetbylates it at tlK 
same time. Thus the podtions of the methoxyl grou p s in the 
original compound are now rendered uncertain. This difficulty 
was overcome by Karrer d al. (1927), who d^raded the antht> 
cyanidin with a ten per cent, solntkm of barium hydroxide cjt 
scxihim hydroxide in an atmosphere of hydrogen ; in this way, 
the methcayl groups are left intact 

The next problem is to ascertain the positiems of the sugar 
residues. 

(i) Karrer rfoi (1927) methylated the anthexyanin, then removed 

the sugar residues by hydrolysis (hydrochloric add), and finally 
hydrolysed with barium hydroxide solution in an atmosphere of 
hydrogen ; the positions of the free hydroxyl indicate the points 
of attachment of the sugar readues. In some cases, however, 
interpretatiem of the results is imccrtain, s.g. (G represents a sugar 
residue) : 
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Tbe problem is ; Which of the two hydroxyl groups In monomethyl- 
phlorogiodnol was originally attached to G ? The above results 
do not lead to a definite answer, since had the structure of the 
antboc 3 raiiln been IV instead of I, III would stiH have been 
obtain^: 



If the anthocyanln, V, has a glncose residue In the 3-position, then 
tAw glucose residue in VI is readily h 3 rdroly*ed by dilute ammonia. 
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If the glucose residae fai V is in either the 6- or 7-position, then 
this glucose residue in VI is removed only by heating with dilnte 
hydrochloric add. Thus position 3 can be distinguished from 
positions 6 or 7, but the latter two cannot be distinguished from 
each other. 

(iii) Anthocyanins with a free hydroxyl group in the 8-positiaii 
are very readily oxidised by ferric chloride ; the anthocyanins are 
rapidly decolorised in this oxidation (Robinson d al., 1931). 

Condodve evidence for the positions of the sugar residues is 
afforded by the synthesis of the anthoqmnins (see, cyanin, §6). 
In general, it has been found that glucose redoes are linlc^ at 
positions 3 or 3:5. 

§4. General methoda of synthesising the enthocyanldlns. 

(I) WlUstfltter (1914) synthesised anthocyanidins starting from 
coumaxin. 



This method has very limited application. 

pi) Robinson has introdneed a number of methods whereby eU 
anthocyanidins can be prep are d. The bade reaction of these 
methods Is the condensation between o-hydroxybenzaldehydc and 
acetophenone la ethyl acetate solution which is then saturated with 
hydn^;en chloride. 




The original method of Robinson (1924) resulted in the formation 
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of a product in which the substituent groups were either all hydroxyl 
groups or aD methoxyl groups, 



Robinson (1&28, 1931) then modified this method so that the product 
could have both hydroxyl and mcthoxyl substituent groups, c^., 



The following is a brief a(Xount of the methods used by Robinson 
and his co-worken for preparing the substituted acetophenones and 
•ohsbtuted beoxaldehydes. 
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cdt3:4-Trlacetox7acetophenoDe. 



co:4<'Dlacetoxyac8tophenoDe. 




tot4>DlmethoxyBcetopbeDODG. 

(I) CH,0 + (CHj),S0* + KQN — *-ClH:0*CIH,*CIN 

ejranodkoethyl 

ether 


OCH, 


OOH, 


(U) GH:0-CH,-GN + 


MgBr 


COCHfOCH, 
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O'COCII, 

CHjOfA^-CO-CH, 


V 

' COCl 


/CHjOj 



•CH/)-00-CH, 


^.‘4;6-TiihydrozybeQzaldehydo (phloro^lodnaldebyde). 
OH Oil 


+ HON + HCI- 


phlorogludnol 

'L«-Hydroxy-4A-dlmethoxybenzald©hyde. 


iCHO 

OH 


HO' 


lOTO C,H«-COO 
iCH 


HO' 


OCO-CjH, 
HO 
^OH 


pbloroglMdiuJdehyde 


2-b©iixoyIphlorogluciji- 

aJdehyde-{S*benioykixy- 

^'.fl-dlhydrorylwnMldfthyde) 
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§5. Cyanldln chloride, Q,HuO,a Cyaj^ chloride, on hydro- 
lysis with hydrochloric add, gives cyanldin chloride and two 
molccnles of D-glocose. 

c„H„o„a + 2H.0 C,,H„0.a + 2C,H..O. 

Since cj^anidin chloride forms a penta-ocetate, the molecule there- 
fore contains five hydroxyl gronps. No methoxyi groups are 
present, and so the potassium hj'droodde fusion may be toed to 
degrade this compoond ; this gives phlon^ncinol and proto- 
catechuic add. Thus cyanidin chloride has the following structure : 



cyanldin chloride 


This structure has been confirmed by synthesis (Robinson d al, 
1928): 



1 \ The formatlcm of jhlorog^ocinol and protoca t ec hnic add by the 

alkaline fusion of cyanldin chloride suggests a relationship to 
quercetin, since the latter also gives the same fusion producti 
(see §14). 

Cyanldin is insoluble in water, bnt is very soluble m ethai^ 
It is also soluble in aqueous sodium hydroxide, the solution being 
blue. The addition of hydnxhloric add changes the coIoot to 
pmjde when the solution is neutral, and when r . 
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becomes red. According to Everest (1014), the colours are due to 
the foUoTring structures (sec also Ch- XXXJ, VoL I) ; 



OKuiIum ult Colour baM 


.Red in add aolutlon “ Purple In neutral solution 



S«lt of tho colour 
Blu« fn Aikollno mJuUoji 


Thus a rariatioD of tho wiD pnxince a variation in the range 
of colotir. 

Cyonln vas the first antbocyanin to be isolated and its stmeture 
detennlned. It has been synthesised by Robinson H al. (1032). 
rhloTOgtodoaldghyde, I, is condensed with tetra-acetyi-a-bromo 
glocose, II {^. §24. VTI), in acetone solution to which has been 
added atjucous potasshim hydroxide ; the product is 2‘0-mono- 
acetyl-^QCosidjdphloroglucinaldehyde, IIL a>-Hydroxy-3;4- 
dlacetoxj-acetophenone, IV, Is also condensed with tetra-acetyl- 
e-bromoglucose (II) in benzene solution to give c>-^-tetra-acetyI- 
A^locosuioxy-3:4-diacetoxyacctophenone, V. Compounds III and 
V ore then dissolved in ethyl acetate and the solution saturated 
*ith hydrogen chloride ; the product, VI, is treated first with cold 
aqueous potassium hydroxide and then with hydrochloric add, 
^'hereby cyanln chloride, VII, is produced. 


CSI 


<l) 


HO 


+ (CH,'000),-CVH,0Br 
II 
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57. Delphlnidln chloride, C„HuOp, b obtained, together 
with two molecules of glacosc and t\vo molccales of /►-hydroxy- 
bcnzoic add, when ddphinin chh^ride is hydrolysed with lydro- 
chloric add. 


O«H„0n01 + 4H,0-^i2-,-0jiUuO,C!l + 20,HH0, + 2 

COjH 

Delphinidin chloride contains six hydroxyl groups, an d no methoxyl 
groups ; on fusion with potasdnm hydroxide, the products are 
phloro^udnol and gahic add. 




delphinfdin chloride 


This structure has been conflrTncd by synthesis, starting from 
2-benroylphlorogludnaldebyde and c»'.3:4;6'tetra-«cetaxyacetophe- 
none (RoblnscFn ct al., 1030). 

|8. Pconldln chloride, C„H„0,Q, is produced, together with 
two molecules of glucose, when peonln chloride is hj’drolysed with 
hydrochloric add. 

+ 2H,0 -5^ c,,H„o,a + 2C,H,,0, 

\Vhen heated with hydir^en iodide in the presence of phenol, 
peonidin chloride is demethylated to give cyanldin 'chloride. Thus 
peonidin is the mouomethyl ether of ry nnidln. Heating peonidin 
chloride with pota ssium hydroxide solution produces 4-hydraxy^ 
methoi^benioic add and phlorogludnal. Thus: 



peoaldln chloride 
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This structure lias been confirroed by sjTithesis from 2-benzoyl- 
phlorogludnaldchyde and a>:4-diacctoxy-3-metlioxyacetop^encme 
(Robinson ei al., 1020). 

Peonln chloride, I, has been synthesised by Robinson ei al. 
(1031), using 2-0-tetra-acetyl-^glucoaidylphlorogiucinaJdehyde, 11, 
and Q>-tetra-acetyt-^lacosidoxy-4-acetoxy-3-inethoxj'acctophc- 

nonc, HI. 



59 . Malvldin chloride, CjjH,»0,Q, fa produced, together with 
two molecules of glucose, wh^ malvin chloride fa hj'drolysed with 
hydrochloric add. 

c„u„o„a + :h.o c„h„o^ + 2C,h.,o. 

MoJridin chloride contains four hj'droxj'l groups and two methoxyi 
groups. When degraded by boiling b^um hydroxide solution in 
an atmosphere of hj-drogen, the products are phloroglucinol and 
j>Tingir acid {4-hydrox)'*3:5-dimetboxybcnzoic add). Thus : 



nnJridin chlorido 
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Robinson et aL (1928) confirmed this stracture by synthesis, starting 
from 2-benzoylphlorogludnaldehyde and awicetoiy-4-benryloiy- 
3;6-dliDethc«yacetophenone (c/. §10). Robinson d al. (1932) have 
also synthesised inalYlii cUorlde, I, by condensing 2-0-tetra- 
acetyi-/3-gIncosidylphlorogindnaldehyde with w-O-tctra-acetyb^ 
glucosidoxy-4-acetoxy>3:6-dimethoxyac*tophenone, IL 



CH,0'Ci,HT0(0'00-CH,)4 
_gOHj 

•CH, 


CO 


OGHj 


§10. Hlrautldin chloride, is prodnced by the 

hydrolysis of hirantin chloride with hydrochloric add ; two 
molecules of glucose are also produced. • v 

c»H„Oi/3 + 2H,o c„H,;0,a + m::.HuO, 

Hirsntidin chloride contains three hydroxyl groups and three 
methoxyl groups. Its stnictuTB is shown from the fact that on 
hydrolysia with barium hydroxide aohition in an atmosphere of 
hydrogen, the products are monomethylphloroglndnol and 53alngic 
add. Ihe formation of these products does not prove conchaively 



that the methoxyl g r o up at position 7 is actually there ; had this 
positian been interchanged with the hydroxyl group at position 5, 
monomethylphloroglndnol wxruld still have been obtained {tf, §3). 
The formula given for hirsntidin chhnide, however, has bem con- 
firmed by synthesis, starting from 2-bcnioyl-4-0-meth3dphloro- 
gindnaldehyde and a>-acetoxy-4-bcniyloxy-3;3-dimetho3g?aceto- 
pbenone (Robinson d aL, 1930). 
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HIrwUn chloride has also been synthesised by Robinson 
fi td. (1032) £rora 2-0-tetri-acetyJ-/5-glucosidyl-4-0-methylphlon>- 
gludnaldehyde and a>-0-tetra*acctyl>^laci»idoxy-4-acetoxy-3:6- 
dimethoxyacetophenone. 
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FLAVONES 

§11. Introduction. The flaxxmes, which ore also known os the 
nntboxanthlns, arc j*eIlow pigments which occur in the plant 
kingdom. Flavoncs occirr naturally in the free state, or as gljxo- 
sldea (the agI}*con is the atUhoxatUhiiin and the sugar is glucose 
or rhamnosc), or associated with tannins. Chemically, the Qa\tmes 
arc very closely related to the anthocyanins ; the flavoncs are 
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hydroxylated derivatira of fimme (Z-phenyi-d-chromoiw) ttUch 
may be partially alkylated. In almost all cases positions 6 and 7 



flaTone 


are hydroxyJated, and IrcqnenUy one or more of posifforw 3', 4\ 
and 6'. The general meth^ of ascertaining the stradare of the 
flavoncs is similtr to that used for the anthocyanins : the num ber 
of free phenolic groups and the number of roethoxyl groups are 
first determined, and then the products obtained by alkaline fusion 
or hydrolysis are examined. Finally, the structure is confirmed 
by jyntheris. Recently, Simpson ei al. (IBM) have shown that 
methoxyflavones may ^ demethyiated selectively by hydrobromic 
add, the relative rates being 3' > 4' > 7. TTwse antbors have 
also shown that the relative rates of metbylatkm of fia\’one> 
hydroxyl groups with methyl sulphate and sodhurn h y drog e n car- 
bonate in acetone solution are 7 > 4' > 3' > 3. Wth methyl 
sulphate and aqueous alcoholic sodium carbonate, the exact rev’crse 
of this order is obtained. These results thus offer a method of 
ascertaining the podltons of mcthoxyl groups in various methoxj’- 
flavones. 

§12. Flavono, occurs naturally as “ dust " on flowers, 

leaves, etc. When boiled with concentrated poUsdom hydroxide 
soJatioD, flavone, I, gives a mixture of fonr products, sali^dic add 
(III), acetophenone (IV), o-bydroxytcctopbCTone (V) and bentoic 
add (VI). The products, widdi are produced in t^ pairs III and 
IV, and V and VI, arise from the fact that the opening of the pyrone 
ring produces o-hydroxydfbcnroylmcthane, II, which then undergoes 
sdsiion in two different ways {II is a /Wiketone). 
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In general, aH tiie flavooes give a mixture of four products when 
degraded ^th potassium hydroxide. The intermediate o-bydroxy- 
^^liketone can be isolated if coid alkali or an ethanolic solation of 
sodium ethozide is used. On the other hand, if a normal solution 
of barium hydroxide is used as the degrading agent, then the 
products are usually salicylic add and acetophenone (Simonis, 1917). 

The s tr u ct ur e given for flavone has been confirmed by synthesis. 
Many syntheses are known, tke Kosianscki xyrUhexis (1900). 
This is a general method for s 3 mthesising flavones, and ccmsists 
in condensing the ester of an alkjdated sali^lic add with an aceto- 
phenone in the presence of sodium (this is an example of the 
condensation ; this synthesis is a reversal of the formation of III 
and rV). Thus, for flavone itself, the reaction is carried out with 
methyl o-raethoxybenzoate and acetophenone. 
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The most useful general synthetic method for pnjparing flavonei 
is that of Robinson (1024). This Is a reversal of the formation of 
V and VI ; on o-hydroxyacetophenone is heated at about 180* 
vdth the anhydride and sodium salt of a substituted benzoic add, 
e.g., fiavoae; 



Another general method which is also a reversal of the formation 
of V and VI is illustrated by tho preparation of chysin {5:7-di- 
hydroxyflaTOne) from SritChtrimethoxyncctophenono and ethyl 
benzoate. 



This preparation inwlves a Qaisen condensation, and tho following 
is al^ another general method which involves on *' internal *' 
Gaisen condensation. 



A recent method for synthesidng flavones is by the ring expansion 
of 2-benzyhd(mecourmiran'3-oDea (Wheeler d 1056), 
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Most flavonea are yellow solids which are soluble in water, ethanol 
and dihito adds and alkalis. The oxomum salts are usoaHy more 
highly coloured t han the free bases ; the flavones do not occur 
naturally as salts {cf. anthocyanlns). The structure of flavone salts 
is not certain ; VII, VIII and IX are pggJbflities, and scconiing 
to calculations of charge distribution (in y-pyione salts), DC appears 
to be most likely (Brown, 1051). 



§13. Flavonol (3-hydroxyflavone), Cj^HjbO,. FTavonoI is widely 
distributed in the plant kingdom, usually in the form of glycosidea. 

^Vbe^ boiled with an ethanoUc solution of potassium hydroxide, 
flavonol gives o-hydroxybenroylmethanol and benzoic add. This 
suggests that flavonol fa S-hydro^rflavoue (3-hydroxy-2-pheuvl-v- 
chrumone). 
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TUs structure has been confinned by various syntheses, 
Kcstanccld ef ed, (1004). This is a general method, and uses the 
Clalsen reaction between o-hydroxyacctophenoncs and lobstituted 
bensaldehydcs, flavoot^ 



keto form enoJ lorm; 

fUvonol 


This synthesis, starting from flavaaonc, has been adapted to the 
preparation of flavonea. 



flAVJUwno flavofto 


An alternative general method for preparing flavones based on the 
flavonol synthesis is as fdlows (KostaneeJd ei <d., 1898) : 
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This synthesis hfl«t been simplified by Wheeler ei al. (1055) ; these 
authors prepared flavones by condensing a>-chloro-t>-hydroxyaceto- 
phenones with aromatic aldehydes in the presence of ethanolic 
sodium hydroxide, e.g.. 



§14. Quercetin, CtiiH,qOt, occur* as the glycoside ijuatUrin in 
the bark of Qturctis tindoria ; querdtrin appears to be the most 
widely distributed natural pigi^t. On hydrolysis with adds, 
querdtrin forms quercetin and one molecule of ihamnose. 

CnH„Ou + H.O C„H„0, + CH,'(CHOH)4-CHO 

Quercetin contains five hydroxyl groups ; no methoi>d groups are 
present ; on furion with potasshim hydroxide, phloroglncinol and 
protocatechulc add are obtained {c/. cyanidin, 5^. Also, when 
quercetin Is methylated and the product, pentamethylquercetin, 
boiled with an ethanolic solution of potassium hydroxide, 6-hydrory- 
ajJLi-trimethoxyacetophenone and veratric add are obtain^ 
These results suggest that quercetin is 3:3':4':5;7-pentahydroxy- 
flavone. 
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quercetin 

i(CH*>0, 



This rtrocture ha* been conflnned by iynthesij, KosUnedd 
a ok (1004). 








rM 





Afiolhrr h tliAt nf <i 4f. (t9^) ; i( h a 

mrtlj'M! f(>t f.4\T>ry'U (//. r» 

i» crTv4rti*'^I with trt>!t»c anfijtlfrf'" in If.-* prv^vr cf 
tfip joUv-unm mU of \TtJtnc acnU 



The portion ol the ilumno.e toJtlue in qutrdirh Jui hm 
thowj) 10 be 3 (Ilcrtlg rt at., 1012). 
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Before leaving this problem of quercetin, let us consider it* 
relationship to cyanldin As we have seen, the relationship 
between the two compounds is suggested by the fact that both 
give the same products when fused with potassium hydroxide. 
AVDlstltter et (1014) reduced quercetin with magnesium in 
hydrochloric acid containing mercury, and thereby obtained a 
umpTl amount of cyanidin boride. 



Bauer aJ. (1054) have converted the penta-acetate of quercetin 
into cyanidin chlaride by ttwitk of lithium aluminium hydride. 


ISOFZAKOA^£:? 

§I4a, woFlavoncs are hydroiylatcd derivatives of twflavonc 
(5-phenjd-4-chromone) ^vhlch may be partially alkylated. The 



tSTflavone 

ixoflavones occur naturally, but are not so widespread as the 


0S3 


5 14a] anthoc^'akins 

fla\'ones ; they occur cither in the free state or as gljx»sidcs. TIm 
general method of ascertaining the structure of iiofla\’oncs is 
similar to that used for the flawnes (sec §§3, 11). Thus fusion 
with potassium hydroxide breaks dmvn the molecule into two 
fragments, and hydrolysis with ethanollc potassiora hydroxide 
permits the isolation of Intennediatcs. This may bo Illustrated 
^^ith daidzein (^ValI, 1031) : 



Oxidation with alkaline hydrogen peroxide may also be used in 
degrading /seflavoncs ; recognisable fragments arc not usually 
obtained by this method, but sometimes information may be 
obtained about the substituents in the 3-phcnyl nucleus, tf.g., 
gtnisUin {4':5:7-trihydroxyi'joflavone) gives ^hydroxybensolc add. 

The final proof of the stnictorc of on ijaflavonc lies in its synthesis. 
A general method of synthesising wflavoncs is that of Spdth ei al. 
(1030) ; e.g., twAavone itself may be synthesised from benzyl 
c^♦hyd^oxyphenyl ketone and ethyl formate ; 





JIIONa 


■ \ 
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By using substituted ketones, various uoflavones may be syn- 
thesised, e.g., daidr^n from 2;4-dihydroxyphenyl /►-hydroxybenryl 
ketone (Wessely a aL, 1938) : 


0 



H'OOjOjHa 


DEPSIDES 

515 . Depaldes. PhenoJJc adds, the interaction of the car- 
boxyl group of one molecule with the hydroxyl group of another, 
give rise to depsldea : 



If n is icro, then the molecule is a didqpdde ; if n Is I, then a 
tridepside ; etc. The main sources of the depsides are the Kchens. 

In order to synthesise depsides In a known fashion, it Is necessa r y 
to protect hj^lroxyl groups, Fischer (1919) carried this out 
means of acetylation (ace^ anhydride) or by introducing a caibo- - 
methoxyl group {with methyl chlorofonnate) ; two hydroxyl groups 
in the ortAoposition may be protected by means of carbonyl chloride, 
e^., gallic add forms the following compound. 



OOjH CO,H 


Let us consider the synthesis of a depside from a monohydroxy- 
benxoic add. 
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I 

I may bo hydrolysed to the didepdde by means of cold nTlral i. By 
nting different phenolic adds, it is possible to synthesise a large 
variety of d^des. When the hydroxyl gremp is nuia or para to 
the carboxjd gronp, the phenolic add is readily carboiymethyiated, 
but OffAo-h3«3itiiyi groups are very resistant under the same con- 
ditions (spatial effect; see VoL I). Reaction can, however, bo 
brought about by condensing o-hy^xyadds with methyl chloro- 
formate in the presence of a base, dimethylaniline. There is 
also the farther difflcnlty that <w<^hydroiyi groups do not react 
with add chlorides (spatial effect). This has been overcome by 
condensirig an add chloride with an <vphenollc aldehyde, e.g., 


aHiOjO'0-C*H4*COCI + 


CH,0|0<KJ,H<*00*0 


5 I 6 . Tajtnlni. These are widely distributed In plants ; many 
are glycoside*. One of the best source* of tanniri Is nutgalL The 
t a nnin s are colourless non-crystalline substances which form col- 
loidal solutions in water ; these solutions have an astringent taste. 
Tannins predpdtate proteins from solution, and they form a blniab- 
black colour with ferric salts, a property which Is used in the 
manufacture of ink. Tannins also predpitate many aiVflW/^ from 
their solationa. 

An tannins contain polybydroxyphenols or their derivatives. 
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Some tannins are hydrolyaablc by adds, and others are not ; tho se 
which can be hydrolysed by add giw variable yields of gallic add. 
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PURINES AND NUCLEIC ACIDS 

§1. lotroductJon. Purine is the parent substance of a group 
of cyclic diureidcs ; it docs not occur naturally, but It was used 
E. Fischer to name systematical^ the naturally occurring deriva- 
tives. Purine exists in two tautomeric forms, and its structure 
consists of a pyrimidine ring fused to a glyoxaline ring. In the 
earlier literature, the formula of purine was written as follows (the 
method of numbering is also shown) : 



purina 


The tendency nowadays is to write the formula os foDows : 



purine 


p. Uric add. Guano (birds’ excrement found on islands near 
the western coast of South America) contains up to about 25 per 
cent uric acid ; about 90 per cent of snakes* excrement is ammo- 
nium urate, Sxnall amounts ol uric acid art also present in human 
urine ; it was first discovered by Schcele (1770) in urinary calculi 
Liebig and WOhler (18S4) showed that the molecular formula of 
\iric add is C,H 40 ,N 4 . These authors also foimd, in 1838, that the 
oxidation of uric add with nitric add gives alloxan and urea In 
equimolecular p ro p or ti ons. 

C|H^0|N4 -f- H|0 -f- [O] — ^ L 4 H 1 O 4 N, NH|‘CO*NH| 

Structure of olloxaB, C 4 H, 04 Nr ^Vben hydrolysed with 
alkali, alloxan produces one molemlo of urea and one molecule 
of mesoxallc odd. 

C.H,O.N, + 2H,0 -^25,. NH.<ONH, + CO,H'COCO,H 
087 
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Since oHoxan coataina no free amino or carboxyl groups, the products 
of hydrolysis suggest that ailoxan is meaoxalyiorea ; this cyclic 
strocivire has been confimied by the direct union of urea and 
mesoxalic add to give aHoxjm (Uebig and WOhlcr, 1838). 


H0,0^ 

CO + ,CO 
''NHt HOjG'^ 



H 

alloxan 


Alloxan, as its monohydrate, is conveniently prepared from barbi- 
turic add os follows (see also §13a, XII) : 



Alloxan is a ttrongly add compound (in the *Hoi form) ; it crystaiUses 
with, four molecol«i of water of crprtalUsatlon. Three of these are 
readily lost on warming, but the fourth is lost only when the mono- 
hydrate is heated to 160^. Because of this, it is believed that the 
fourth molecule of water Is not water of crj^Uisatioa but rrater of 
Constitution (<^. chloral hydrate, VoL I). 

Alloxan sta^ the sldn purple (due to the formation of morexide). 
The ft-oxime of flUirr^n 1 $ %'iolaric add 01Sb. XU), and when redact 
with xixxc and hydrochloric acid, alloomn forms dialoric add ^ISb. XII). 
When alloxan Is reduced with hydrogen sulphide, the prodtict U aJIcx- 
•ntin, Acccadlng to Tipson sf «/, (1951}. however, if cjccass of hydrogen 
sulphide is used, the product is d^ttrlc odd only. Alloxantin is pro- 
do^ by reducing alloxan (one molecule) with half a molecule of 
hydros^ sulphide, or by miTing aqsecus solutions of alloxan and 
dudmfc add. 



AOiouatta 
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Wben beated with ammonia in cUiBnoilc »oloticm, oUcKiantin ioma 
muftxidt, which la the ammooiom salt of pttrpuric add (an nnstable 
compoand). 



^aiytrit ukl tssrrzid* 


Mnre.'dde ia aolable in water, giving a porple aolotion which tuma 
bine on the addition of alkali. Pnrpuris odd ilowJy hydrolyiea In 
aolntkm to form alloxan and tuiunll. 

When uric add is oxidised with an aqueous suspension of lead 
dioxide, the products are ollantoin and carbon dioxide (Uebig and 
WdhJer, 1888). These products are obtained In quantitative yield 
if the oxidation Is carried out with aJkaJine permanganate (Behind, 

\m). 

4- H,0 + [O) -vC4H,0^4 + CO, 

StroctuPB of olIoDtoIntC^HjO^N, (Baeyer, 1861-1864). WTien 
hydrolysed with alkali, oJlantom fonns two molecules of urea and 
one molecule of glyoxylic add. 

+ 2H,0 -i- 2NH,-CO-NH, + CHO-CO.H 

The formation of these hydrolytic products suggests that allantoln 
is the dhireide of giyoxylic add. 

On oxidation with nitric add, oUantcin forms urea and^araiomc 
act'd in equimolecnlar proportions. 

C.H.O.N, + [0] NH,-CO’NH. + C.H,0,N, 

Now parabanic add, on hydrolysis, gives urea and oxalic odd, and 
since there are no free amino or carboxyl groups present in the 
molecule, this suggests that parabanic odd is oxalylurea. 


CO I + 2H,0 
^NH-CO 

porabaAlfl 

add 


^NH, 

HO, 

CO + 



HO, 


This structure has been confirmed by synthesis, oxalyl chloride 
condenses with urea to form parabanic add (Bornwater, 1012). 
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CKX> 
Nil, OCO 


^-co 

CO + 2HCI 

NH-CO 


Thns, from the above facts, it can be seen that allantoin contains 
the parabanic acid nucleus joined to a molecule of urea. The point 
of ^e attachment is deduced from the following experimental 
evidence. When reduced with concentrated hydriodic add at 
100*, allantoin forms urea and hydanioiru 

C,H,O.N, + 2[H] -21^. NH.-CONH, + C.H.O^, 

Hydantoin, on controlled hydrolysis, gives hydsixtoic add {ureidih 
actiic oorf) and this, on further hydrolysis, gives glycine, ammania 
and carbon dioxide. These re^ts suggest that hydantoin b 
glycollylarea. 


air-Niiv 

I > 

CO— Kir'^ 
hydantoin 


:co 


Clfj-NlC'CO-NH, 

JbS^ I 

co,n 

hydantoie add 


CH,'NH, 

I 

0O,H 


+ CO,+HH, 


This stroclure for hydantoin has b«n confinntd by synthtaa, if., 
West (1918). 


CHj’NH, 



KNCO 

CMi-COill 


OHj-NHCO-NH, 

co,n 


na 

hed 


rv 

CO — NH 


Hydantoin, m.p. BIC*. may alao bo pre pa red by the electrolytic 
rednetkm of parahnalc a^, or by the action of bromoecetyl bromide 
on orea. 

E ,Br ?fH, QltBr Km CJIf-im 

+ JdO CO — I yxt 

Df xfl, CO JUI CO — KH 


Hydantoin behaves os n tantamerio mhatanco ; the enol form is acidic 
forms salts. 


air-Kii 

L > 

do— «! 



Hydantoin Is to parabanic add by bromine water. 



puaiHEs Ain) KUCT.yJC acids 


Thus the foDowing strncturo for oDantoin would account for all 
of the foregoing results : 


CO + CO“NH\ * 

1 r po 

KH, CO“NH^ 


CO ■ 

1 I '>0 
KH — CH-Kir 
allantoin 


► CO + 00-: 

I I 
NHf CHr 


/NH, cO,H 
cp + T + xx) 
CHO nhT 


This has been confirmed by synthesis by heating nrea with glyoxylic 
acid at lOO" (Grlmaux, 1876). 

KH, NH, 


CO COjH KHt\ CO CO-KHv 

1+1 + CO — *- I I ,C0 + 2H,0 

KH, CHO NH,^ , NH-4h-NH^ 

Examinatbra of the ilnj c tox e of allantoic ihcm that it cantafni an 
ai^TTL metric corboo atom : hence two optically active lonns are possible. 
Both forms have been obtained, and they have been fonnd to mcemise 
rapidly in eolation ; the racemisatlon probably occurs via enolisation 
(r/la iiL II). 


Jfili 

KH— Oil — Kir 


In the formation of allantoln from uric add by oxidation, one 
carbon atom is lost from the latter as carbon dioxide. The problem, 
then, is to fit one carbon atom into the afiantoin structure. At the 
same time, the structure thus given to uric add must also include 
the allaxan skeleton in order to aamunt for the fonnation of this 
compound. Tw structures that were proposed which both agreed 
with the facts known at the time were by Medicos (1875) and by 
Fjtlig (1878). 


’l" II ^ 

lledlcm formula 


KH— C ^KH 

^ V ‘ 
^ ^0 ^0 


Fittig formula 
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Fischer (28S4} prepared two isomeric monomethyiuric adds ; one 
gave methylfliloxan and area on oxidation with idtric add, and the 
other gave alloxan and methylurwu Fittig’s formula, which is 
S3ramietrical, can give rise to only oiu monomethyloric add ; hence 
this structure is untenable. On the other hand, the Medicos 
formula satisfies the existence of at least two isomeric monoroethyi 
derivatives : one methyl group in the pyrimidine nucleus (at positi<m 
1 or 3) would produce mcthylalloxan and urea, and a methyl group 
in the glyoxaline nucleus (at position 7 or 9) would produce alloxan 
and methylorea (luscher showed that the two raonomethyluric 
adds were the 3- and OxJerivatives). Examination of the iledicus 
fonnula shows that it admits the possibility of four monomethyl, 
six dimethyl and four trimethyl derivatives. AH of these have ban 
prepared by Fischer and bis co-woricers, thus giving p owerfu l 
support to the Medicus formula. Proof of the Medicas formula 
lies in the synthesis of uric add ; three synthesa are given here. 

(i) Behrcnd and Roosen (1838) carried out the first unambiguous 
synthesis (see also §15. XI^. 


0^0,0^ 

CO + OH 

KH, HO-<r 
CH, 

urea ethyl acelo- 
Acetate 


HtSQ^ 

tau 


HH CH 
io S-CH, 
^NH 

4'methyiunicfi 



5-nltrouf»ell 

-4~carb<u^!fe 

add 


boa u n,0' 


00 

00 CH 
''Nii 

C-nitrouradl 


^ CO CH 
5'AialxiCHiradl 



Cdiydroxyurtcfl 


In this redaction, some of the aminomaefl h conmied into hydroxy- 
nradL The mechanism of this change is not certain, but a 
possihility is as follows: 
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Tlie reaction pnxiuct was treated with nitrous add, thereby con- 
verting the S-ammouracil present into 5-hydroxyuracil ; then tho 
lynthesa proceeded as follows : 



S-hydroiyuradl 4:5-dihydroxyuradl uric acid 


fn) Bacycr's synthesis (1863), completed by Ftseber (1806). 
Bayer arrived at ^uric add and Iniew that nric add contained one 
mdecule of water less than this, but was unable to remove it to 
form uric add. His faflore was due to the fact that ^uric add is 
not dehydrated by tho usual dehydrating agents ; Fischer suc- 
ceeded by fusion with anhydrous oxalic add, and also obtained 
better results by boiling ^ivuric add with 20 per cent, hydrochloric 
add. 


• /NHi H0«C\ 


05 


'mi, HOrO'" 


.CH,- 





barbituric add 


vlolurie add 


m m-m , ^co, yH ( 

CO 00 CO io 

'-mf 


ch kii conh, 


(p'Uric acid 


r f r 



, Chi) Traube't synthesis (1000) Is the most important method, 
*ince it can be us^ to prepare any purine derivative ; it is also the 
bads of various commerdal methods for preparinn the purines 
*}*ntheticaUy. r i— «> f 
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CO + 
TiH, 


HO' 


m, 


ethyl 

cyuioecetate 


roo., ^ ya, KH 'ca, . 

CO ON CO i-NH 

'NH| TiH 

cymnoACety)* 

area 



C^gC-NH. 






V 


NO 

■NH, 


NHj« 


NH O'NH, 
io ONH, 

4:5<dUinIno* 

ttracQ 


aKOtCtH, 
K*OH *" 


* 0 


- K 

| 5 ?“ 


CO 


Closia* ct m1. (1953). acicg area labclkd vrith ^N, have ibown that 
the two n itro gen atoma in the dlaminooradJ are retained on faskm 
with urea. 




■X 


■J-NH, 

‘■ITH, 




KH, 



Urk add is a wiiite crystalliDC powder which is insohibJc in the 
ordinary organic solvents, it bdiaves as a weak dibasic add, 
fonning two series of salts monosodium and disodnun urate). 



S.‘6:8 


2 : 6 - 


2 : 8 - 
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It thus appears that the tii-enol form (2:0:8-trihydroi}'purine) is 
unlike]/ ; this leav’es three possible di-enol forms, 2:0-, 2:9-, and 
0:8-. WTiich of these di-enol forms is the one that forms the 
disodium salt still appears to be imeertain. Fischer thought that 
the di-cnol form is ^e 2:0-. Evidence that may be quoted to 
support this is that in this arrangement the pyrimidine ring will be 
" aromatic " and so stabilised by resonance. There is, however, a 
certain amount of evidence which suggests the 2:8- di-enol form 
{cf. a 13a, 16). 

It fa also interesting to consider tho path followed in the oxidation 
of nrlc add to nllantoin. Behrend (1004} suggested that the alkaline 
pennangonate ooddatian of aric odd (I) gives aHantoin (Ilia and 
via the symmetrical intermediate H. Cavalieri ei aJ. (1048) have 
carried out this oxidation using uric add labelled with at Nj and 
and found that the alUnt^ prodneed had this isotopic nitro g en 
distributed tinifonnly among ail tlm four nitrogen atoms. This is in 
keeping with the intermediate formation of 11. 



m* 


§3. Purine. When uric add is treated with phosphoryl chloride, 
2:0.'8-trichloropurine fa obtained (uric add behaves as the tri-enol 
in this reaction). This trichloro compound is a very important 
Intermediate in the synthew of purine derivatives, and a point 
worth noting Is that the reactivities of the chlorine atoms are 
0 > 2 > 8. Purlno, rmp. 217®, may be prepared from uric add 
as follows ; 
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2:6-dt4odopnrin« purina 

Purine is a fairly strong base and fonos salts with adds ; it Is a 
synthetic compound. 


PURINE DERTVATIVEa 

§4. Synthesis of pniinos. Before describing some individnal 
purine derivatives, Jet us first consider some general methods of 
ayathesiaing purines, Fischer {1807, 1808) pr ep ared various 
purines starting from 2:6:&-tiidi]orppiaTJ3c. There are, however, 
two general synthetic methods in which the pyrimidine ring is 
synthesised first and then the glyoanlinc ring “ built up " on tlds, 
or vice vena. 

(?) Tfttube’s mdkod. This consists of synthesising a 4:5-diantino- 
pyximldine (see 514. XII) and then condensing with formic add to 
jaodnee the glyoxaline ring ; the fonnjd derivative is ring-dosed 
by heating alone or by heating its sodium salt. 



This synthesis leads to the preparation of purines that are unsub- 
stitut«d in position 8. This ^)e of purine may also be prepared 
fay heating a 4:5-dianiino|^rtimidfn« with ditfaiofonnlc add in the 
presence of sodium hydroxide solution, and then heating the product 
with a methanolic solutiOTi of sodinm methoxidfi. 




55] PtTEtKBS AND NUCLEIC ACIDS 607 

ft-Hydroxyptnines may be prepared by using ethyl chlorofonnate 
instead of formic add. Altemativety, the diarainopyrimidine may 
bo boiled with potassium i‘*o<yanato and the product, a urddo- 
pyrimidine, ring-closed by heating. Finally, diamlnopyrimidincs 
may bo fused with urea to produce S-hydroxypurines. 


R 





o-Amioohydrozypyiimldines may be used instead of o-diamino- 
pyrimidines (e/. Baeyer's fynthesh of ^oric add« $2). 

(jS) A less frequently us^ synthesis of purines starts with the 
gjyoxalino derivative, «.g., 7-jiielhyiranthine from 4-emino-l- 
methylglyoxaUoe-5-carbonainide (Sarasin ei aJ., 1024). 



55 . Adenine (6-aminopurme), d, 365*, occurs in the pancreas of 
cattle and in tea extract. Its generd reactions showed that 
adenine was a purine, and its structure was established by synthesis, 
(i) Fischer (1897). 



2:0:8-trichk)ro. adenine 

. purine 



(U) Traobc (1004). 
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Clii) Todd d d. (1043). 



56 . Bypoxontblae {(J-bydroxyporine), d. occors in tea 
extract arid in fynimat tlanes. Its formation by the action of 
nltrora add on adenine establishes Its structure, and this is confirmed 
by ■ynthcsfi, 

(i) Fiseber (1&07, 1898). 



hypouuithin* 




§7. Xanthine (2;ft-dihydroxypiirine), d. abovn 150", occnrs in 
tea extract and In animal tissues. When oxidised with poUssinm 
chlorate in hydrochloric add solution, xanthine forms alloxan and 
urea ; these prodncts show the rdatioaship of xanthine to uric 
add, and its fftmcturc has been established by synthesis, 

(!) Fischer (1808). 



xanthine 


(ii) Traube (1900). 


/NH, 
CO H 

\ra, 




NH ■ 


;cH.i52^T 

/ CO 

'nh. 






X a n t h i n e Is the parent substance of a number of compounds 
(see later). 
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§8. Guanine (2*aiidiic>-6-hydroxyparme), d 300®, occurs in the 
pancreas of cattle, in guano and in cotain fish scales. Its structure 
is shown by the fact that it gives xanthine on trcatnifiiit with 
nitrous add ; this conversion is also effected by boHing guanine 
with 25 per cent hydrochloric odd (Fischex, 1010). 

(1) Fischer (1897). 




XANTHINE BASES 

Three important methylated xanthines that occur naturally are 
caffeine, theobromine emd theophylline. AH three have been pre- 
pared from uric add by Fischer and all have been ^Tithesised by 
means of the Tranbo nv» tliod, 

S9. Caffeine (l:3.-7-tiiinethylxanthine), uLp. 235-237“, oomrs in 
tea, coffee, etc. Its molecular formula fa CjH^OjN^, and its r^- 
tkrnship to uric add fa shown by the fact that on oxidation with 
potassium chlorate in hydrochloric add, caffeine gives dinM^l^h 
alloxan and methylorea in equimolecolar proportions. The struc- 
ture of the former product is established by its conversian into 
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fym.-dimcthyiiirea and roesoralic add on hydrolysis, and is con- 
firmed by synthesis from these two compounds. 


+ CO|n*00*00,H 


These resnlta indicate that caffeine and uric add have the same 
skekton structure ; at the same time the positions of two methyl 
groups and one oxygen atom In caffeine are also established. 
Thus the problem now is to ascertain the positions of the remaining 
methyl group and oxygen atom. The foDowing skeleton structure 
for caffeine summari^ the above information ; the third methyl 
group is at either position 7 or 9. and the remaining oxygen atom at 
G or 8. 

I I ^0 

CH, 

pMiiion of tht mtikyl group. As wo have seen above, the oxida* 
tion of caffeine gives dime thy lalloxan and methylurea. Fischer, 
however, also isolated another oxidation product which, on hydro- 
lysis, gave W-methylglydne, carbon dioxide and ammonia. Thus 
this third oxidation product must be N-methyDiydantoln : 

CIIr-N-Cn, CIVNIICH, 

\o I + NH, + CO, 

Co— Nfl CO,H 

It therefore follows that caffeine con tains two ring structores, that 
of dlmethylalloxan and that of methylhj^antoin. The following 
two skeleton structures for caffeine are both possible, since each 


cn,-K^ 


i • c 


CH,l/ 

i I 0 

CH, 
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could give the required oxidation products. Actually, the isolation 
of methylurea suggests I or n ; the isolation of methyihydantoin 
confirms these possibilities. Finally, Fischer isolated a fourth oxida- 
tion product, vii., rym.-dimethyloxamide, CHj'NHOOCONmZH^ 
Examination of I and II shows that only I can give rise to the 
formation of this oiamide, and so I is the skeleton of cafleine. 

Poniion of the oxygen atom. In view of what has been said above, 
we see that there are now two possible structures for which 

fit the facts equally well : 



CHj dlT, 

III rv ' 


By analogy with uric add, HI would appear the more likely one ; 
this, however, is not proot Fischer showed that HI is e a fie i n e as 
foQowa. 

Q. CB^H HQ 

Caffeine ChlorocaffeiDe ► Metboiycaffeme ► 

C.H.,0,N, C.H,0,N.a ''*“® C,H,0,N.-0CH, “ 

Oxycaffeine CH,Q 

Fischer then showed that oxycaffeme was identical with a tri- 
tnethylnric add, since on methylntlon with methyl iodide in the 
presence of aqueous sodnun hydroxide, oxycaffeine was converted 
into tetramethyluric add. Thus metho^rcaffeine is cither V or VI, 
and oxycaffeine VII or Vm. 
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0H.-N Y' \ ^ CH; 

* I ll COCHj or 


on, 

V 


methoxycaffelne 


9CH, dj 

.fY> 

GTIj 
VI 


CITa 

“"■•f X\on 

CO 


pH OH, 


V'k/ 

cn, 

VII 


I 




00 


oxjcaiTeino 


on, 

VIII 


When oxycaffelne, as its ttlvfr salt. Is heated with methyl iodide, it 
is converted Into a mixture of tetnuncthyluric add (which contains 
four iV-methyl groups) and methoxycaffcinc (which contains three 
^'^-methyl groups and one methoxyl group). The simultaneous for- 
mation of these two products suggests that o.Tycafleine is a tauto- 
meric substance, lY., it contains the amido-imiJol triad syslem : 


— NH— C=0 IF* — N=C— OH 


Now this triad system can exist only in the glyoxalinc nucleus in 
oxycafTdne, ance neither nitrogen atom in the pyrimidine nudeus 
is attached to a hydrogen atom (VII can give rise to the abo\'e 
tautomeric system, whereas VTII cannot). Thus the methoxyl 
group in mcthoxycaReine is in the glyoxalino nudexis, and conse- 
quently the chlorine atom in cblorocaReine Is also in this nudeus ; 
hence caffeine is EX and dilorocaffeine is X. 


OHyN^O' 

« k /*' 


OH, 


Nj,/ 

OH, 

DC 

caffeine 



on, 

X 


chlorocaffelno 
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This stnrcture for caffeine has been confirmed by vaiions syntheses, 
e^g: 

(i) loscher (1809). 




_CH.. ^CH.-N" 

' • S.01C *■ L U -roar 

Y H 


L « > 

VY 


nrie add 


6h, 

chJorooaffelnQ 


CHj 

l:3:7-trimethyjuric odd 


PH, 

'nri HI , 

►- 1 B 




CHj 


CH, 

caffeine 


(H) A commerdal synthesb based on Tranhe's method is as 
follovrs : 


CRt’m C,H,0,0 

At, ^ in, ■ 


00 + 
I 

0H,-HH 


<1 n 


<!» Smjh, 

6h, 


OH,' 




0H,‘ 


do i 

V" ''Nh, 

OH, 


theophylline 


CO i 

V 

CHj 


OH 


CHj'N ONO 
CO dj-NH, 
C'H, 


CH|1 h C|H«OH , 
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Ao 1 

6h, 

caffeine 


OH 
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§10. Theobromine (3:7-diincthylxanthine), ni.p. 337", occurs in 
cocoa beans, tea, etc. The Btmeture of theobromine has been 
deduced from the fact that, on ojddatlon with potassium chlorate 
in hydrochloric add, it gives methylalloxan and methylnrca, and 
also that it is converted into caffeine when its silver salt is heated 
with methyl iodide. Thus theobromine is cither I or IL 




OH 


HN '(T \ 

V'/" 

tea 


The position of the methyl group in the pyrimidine nudeus has 
been shown to be 3 structure II) by synthesis using Traubo's 
method. 



tea te, tea 


theobromine 


^ product formed by the condensation between methylorea and 
cyanoacetate contained no free amino group ; thus the con- 
must occur as shown (and not by the carbethoxyl group 
witn the mcthylimino group of the methylnrca). 
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Fischer (1800) also prepared thcobromioc from uric add as 
follows : 







on, 

3*methylario add 


OHi 


CH, 

I 1 .CH 

tsii 


It shouJd be noted that in this synthesis a mixture of phosphorus 
pentachloride and phosphoryl chloride cannot be used ; this nurture 
replaces the orygea atom \ix., the hydroxyl gronp) at position 6 
and not at 8. 

§11. Theophylline (l:$-<iimethylxanthine),m.p.260-272*.occurs 
in tea. Its structure has been deduced fn^ the fact that it is 
converted into caSelne on metbylatioii, and that it forms dimethyl- 
alloxan and urea on oxidation. Thus theophylline is l:3-dxmethyi- 
xanthine, and this structure has been oonfinned by synthesis. 

(1) Filler (1690). 




urio add 

/ O H 
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tjxt, 

l:3-ifimcth7iario add 
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(U) Theophylline has also been synthesised conunerdaHy by 
means of the Traube method {ef. caffeine, §0). 


COfNH,), + 2011, -NHi 


CJIj'N Cir, aqoKg, Nj|CO> 

CH, 


CO 

'^NHOH, 




CO C-NH, 
^rr 
CH, 


ip 


"ccN., O'-? 
CO 

\j/ ^KH, 

CH, 

V'«' 

OH, 


^NH-CJIO 


CH, 


Jlla. Biosynthesis of purines. Most of the work on the bio- 
sjmthesis of purines has been carried out on uric add by means 
of enzymes from bird liver. Sonne it al. (1046), working with the 
following labelled compounds (**€), showed that carbon dioxide 
supplies C,, formic add C, and <^, and glydne C 4 , C, and N,. 
Thus all the carbon atoms in uric odd are accounted for, and the 
three remaining nitrogen atoms, Nj, N, and are belie\'ed to 
be dcri\-ed from ammonia (provided by the metabolism of amino- 
adds). The actual sequence of the steps involved in purine syn- 
thesis is unknown, but there is some evidence to shew that the 
\'arkms methylated xanthines are produced by progressive methyla- 
tion. It has been shown, however, that xantiilne is not an inter- 
mediate in the biosynthesis of uric add, and hence It is possible 
that nrk add and the xanthine bases are symthesised by different 
routes. 
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NUCLEIC ACIDS 


§12. lotrodnctlon. Nucleoproteins are one of the classes of 
conjugated protems (§7 B. XIII) ; the nodde add part is the 
prokhetic group, and the protein part consistfl of protamines and 
histones. These latter compounds are basic and form aalt-like 
compounds, the nudcoprotcins, with the nudcic adds. On careful 
hydrolysis, nudeoprotelns are broken down into the nucleic add 
and protein. 


§13. Structure of the naclelc acids. Kudeic adds are colour* 
less solids, aU of which contain the following elements : carbon, 
hydrogen, oxygen, nitrogen and phosphorus. The following chart 
skjws the nature of the products obtained by hydrolysis under 
different conditkma. 


11 .- > 11 . 1011 ),^ Nucleotides 


Nuddc add- 




NfO lA •ettiUoa: 


■ Kudeosides + HjPOi 

add 

Sugar + Purines + Pyrimidines 


§13a. Sugars, Only two sugars have been isolated from the 
hydrolysates of nuddc adds ; both are pentoses : D(— )-ribosc and 
2-deoxy*D(— )-ribose. 

CHO*(CHOH)a*CH,OH CHOCHj-tCHOHj.-CH.OH 

ribose 2-deoacyribose 

The nudcic adds are classified according to the nature of the sugar 
present: the pentota nucUic acid* or rxbontideic adds (R,N,A.), 
and the dcoxypentcu nuddc add* or deexynbonueUte adds (D 
Ribonuclcoproteins are found mainly in the (^oplasm of tho cclU 
whereas deoJQrribonudeoprotelns are found mainly in the ccH 
nudeus. d(— )-Ribose is the pentose of yeast, liver and pancreas 
R,N.A,*; 2-<ieoiy-D(— )-ribose occurs in thymus 1)2^ A, 

{13b, Bases, Only two purine bases have been obtained from 
nudcic adds, adcidne and guanine. On the other hand, five 
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ailenlne 



5-m«th\icj^ino S-bydroxymethylcytotdn© 


pyrimidine bases have been isolated: uracfl, thymine, cytosine, 
6-raethylcytosino and t^hydroxymethylcytosine. Both types of 
nucleic adds (R,NJ^ and DJ^A3) cont^ adenine and guanine. 
Cytosine abo occurs in both types of nucleic adds, but urai^ occurs 
only in and thymine only in 5-Methylcytosine 

has been found to be a fairly common minor constituent of Aj ; 
it has not yet been found in (Wyatt, 1950). fr-Hydrcn^- 

noethylcytosine has been found in cerWn DJ^Aj (Wyatt H al., 
1952). 

Combination of a base (either a purine or pyrimidine) ^rith a 
sugar (ribose or deoxyribose) gives rise to a nocleosIdOi 
adenosine (ribose + adenine), guanosine (ribose + guanine), <yti- 
dirre (ribose + cytosine), uridine (ribose + uracil), thymidine 
(deoxyribose 4- thymine). 
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Combination of a nadcoside with phosphoric acid produces a 
nucleotide, nucleotides are nucleoside phosphates, e.g., 
adenylic, guanylic, cj^ylic and tmdylic adds. It migh t be noted 
here that the tcnn nucleotide Is now used to embrace a large gronp 
of compounds composed of the phosphates of J'^-glycoddes of 
heterocyclic bases, and the pyrophosphates and polyphosphates 
containing one or more nudeosides. The term nucleotide also 
includes the nudeic adds themselves. 

The problem now is to ascertain how these various units are 
linked in nudeosides and nucleotides. 

§13c. Structure of nudeosides. Hydrolysis of nudeotides 
with aqueous ammonia at 175* under press ur e gives nucleorides 
and phosphoric add ; thus in nudeosides the base is linked directly 
to the sugar. Furthennare, since nucleosides are non-redudng, the 
“ aldehyde group " of the sugar cannot be free, nudeosides are 
^ycosides {ef. VII). The next problem is to dedde which atom 
of the base is joined to Cj of the sugar. Let us first consider the 
pyrimidines. Cytfdine, on treatment with nitrous add, is con- 
verted into uridine ; it therefore follows that the sugar rtsidne is 
linked in the tarrut podticm in both of these nucleosides. The point 
of linkage cannot be 1 or 6, since cytidme has a /rs# amino group 
at position 6 and consequently there cannot be a hydrogen atom 
on Nj. Also, since uridine forms a 5-broino derivative, C, must 
be free (Levene rf al, 1012). When uridine is treated with an 
excess of bromine, followed by the addition of phenyfhydragine, 
a uridine derivative is obtained whidi contains firo phenylbydraono 
radicals. This compound was given structure I since work by 
Leveno (1926) show^ that this type of compound can be obtained 




HH-NH-OiHj 


00 

Xo. 


only if uracil is substituted in position 8 and positions 4 and 5 
are free. Thns the sugar is attached to N». In a si m ila r way, It 
bs< been shown that the other pyrimidine nucleoside* (ribosides 
pnd dwtKyrfh fwifi^ ) bavc the sugar residue linked at Nj. Todd 
ti aL (1947) have S3mtheaised mkiine and ^tidine, and thereby 
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have confirmed the linkage at Nj. This linkage has also been 
confirmed by the X-ray analysis of cjiidine (Fnrberg, 1950). 

Now let us consider nucleosides contMning purine ba^ Adeno- 
sine hn< a free amino group at position 0 ; therefore the sugar 
cannot be at C, or (c/'. cytidine). Similarly, since guanosine 
has a free amino group at potion 2, the sugar carmot be at C* 
or N,. Now Levene found that the two purine ribosides are equally 
readily hydrolysed by dflute adds and by the same enzyme. He 
therefore assumed that the sugar residue is linked at the same 
place in both nuclcceides. On this bash, only positions 7, 8 and 9 
are possible points of attachment. Position 8 was then exduded 
since this point would involve a carbon-carbon bond, a linkage 
which would be very stable, whereas nucleosides are very readily 
hydrolysed by dilute odds (see also bdow). Thus positions 7 or 0 
are free. This Is supported by the foDowing evidence (Levene, 
1923). ^Vhcn guanosine is treated with nitrous add, xanthosine 
b produced and thb, on mcthylation with da axo methane followed 
by hydrolysb. gives theophylline (IrS-dlmethylxanthine). Thus 
potions 1 and 3 ore free In guanosine, and so the sugar must be 
attached at podtlon 7 or 0. The evidence so far does not permit 
a decision to be made between these two positions since the system 
(in the glyoxallne nudeus) b tautcnnenc It should be noted that 
had the sugar residue been attached to C,, then a irimeOtyixaiUhxne 
would have been obtained Instead of theophylline (r/. above). The 
ultraviolet absorption spectrum of guanosine fa very to that 

of 9-mcthylgaanine and differa from that of 7-methylguanine ; hence 
it appean likely that guanosine b the fLguaninc glycoside (GuUand 
d aJ., 1930, 1038). Todd d al. (1047, 1948) have tynthesised 
guanosine and adenosine in which the sugar b known to be in the 
0-position, and showed that their synthetic compounds are identical 
with the natural products ; the syntbesb of adenosine. 



■NIICjHgO* 
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It might be noted, in pacing, that glycosides arc compounds 
formed by the linking of a sugar (at CJ with a COH group. Thus 
the nuclasidea are, strictly tpealdng, not glycosides ; they should 
be called rfbosyl-pyriinidines and ribosyl-puiines. 

The final problem to be elucidated in connection with the structure 
of nudeosides is the nature of the ring in the sugar residue and the 
type of linkage (a or Degradative experiments have shown that 
the sugar is present as the furanose form, e^., methylation of a 
pyrimidine riboside, followed by hydrolysis, gives a tiimethylribose 
which, on oxidation, fonns diinethylm«atartaric add. This product 
shows that the ribose ring is furanose ; had the ring been pyianose, 
then the final product would have been trimethoxyglntaric add 
((^. §57a, 7b. VH). 

>Hr-lScH0§S0H?;H-CH,0H 

|(0SJ.»O 

>Nr-^H-CHOCI?,-CHOCH,KiH-CH,OCH, 

iHOH-CHOCH.-CHOCHj-te-CH.OCH, 

I'”' 

CO^-CHOCH,*CHOCHj<X),H 

Deoxyribose has also been shown to be of the furanose type, e^., 
Lythgoe it dL (1950) found that pyrimidine dcoxyribosides consuroe 
a negligible amount of periodic add ; thL< agrees with the 2-deoiy- 
ribofuranose structure rince, in this state, the molecu l e does not 
contain two adjacent hydroxyl groups [cf. 57g. VII). 

These results have been confirmed by other work (see below). 
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The configuration of the furanoside link has been sho^7n to be 
/i- by v-arkras means, e.;., Todd ef al. (1947) oxidised adenosino 
with periodic add, and showed that the product is identical with 
that from tlic oxidation of O-^D-mannopjTanosidjiadcninc (a fyn- 


O-P'D-mnnoo- timlilchyde adonn^fne 

pyraDO^Idrlad^'nine 

tlietlc compound). Tliis pro\‘cs tliat the sugar residue is at position 
0, has the furanosc structure, and that the linkage is /?•. Similar 
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experiments with other ribotmdeosides suggest that all these com- 
pcnmds have a ^-oonfiguratiom Also, Todd a el. (1045-1948) have 
sjmthesiscd adenosine, guanoslne, cytidine and uridine, and thereby 
confirmed the )5-configTiration ; adenosine has been synthesised 
as follaws (Todd et al., 1948). Acetochloro*i>-ribofaranose, n 
(c/. |24. Vn), b condensed with the mlver salt of 2:8-dichloroadenlne, 
in, and the product dcacetylated with a methanolic solution of 
amm onia to give 2:8-dichloro-9-^rIbofuranosyladcnine, IV. IV, on 
catatytic reduction (palladium), b converted into ad^osine. 

Furberg (1960) has shown by means of the X-ray analysb of 
qrtidine that the sugar residue b attached to Ng and b ^D-ribo- 
funmoside. Since other ribonocleosides exhibit the same general 
pattern, it b inferred that all arc fnranosides with the ^-configura- 
tion. Manson et al. (1051), from absorption spectra measurements, 
have shown that deoxyrtxmudcoaides also exist in the ^< 00 - 
figuration. 

$13d. Structure of nucleotides. When nucleotides are care- 
fully hydrolysed, ribose monophosphate may be Isolated from the 
products ; thus the phosphoric odd b attached to the sugar resldoe 
in tracleoUdes. Examination of the nucleoside structures shows 
that the point of attachmeit may be 2", 8' or 5' in the ribose 
molecule, and 3' or 6' in the deoxyribose molecule. On reduction 
with hydrogen In the presence of jdatinum, ribose phosphate b 
converted Into an optlt^y Inactive phosphoribitol (Lcvenc d ah, 
1032, 1833). Thb product can be optic^y inactive only if the 
phosphate residue b attached to the centre hydroxyl group of the 
ribose molecule, ia, at the 3'-poaitkm. 



It should be remembered that the furanose structure occurs only 
when the sugar b in the form of a ^ycoside ", on hydrolyib, the 
furanose sugar first liberated immediatdy changes into the stable 
pyranose form (see §7f. VII). 

Until recently, it was believed that the S'-podtion was the only 
one occupied by the phosphate radknL Emden ei oL (1^) 
claimed to have isolated a fi'-pho^hate (from musde nudelc acid). 
Carter and Cohn (1949) isolated two iscroeiic aden 3 dic adds fiom 
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the alkaline hydrolysates of R*N.Aj. and called them " a " and 
" 6 ” adenylic adds. These authors, in 1950, also isolated two 
isomers of guanylic, uridyllc and C 3 rtidyiic adds. Carter and Cohn 
found that one of their adenylic adds was identical with adenosine-3' 
phosphate, but the other was not the same as the 6'-compound 
of Einden. These authors therefore believed that their two isomers 
were the 2'- and 3'-phosphate. Todd et al. (1962) synthesised 
adeno5me-2' and 3' phosphate, and showed that their synthetic 
compounds were Identical with the " a " and “ b " adds obtained 
by Carter and Cohn, but were not able to say which was which- 
Loring et al. (1952) showed that the “ a " and " b ” (ytldylic adds 
resist oxidation by periodic add, and hence it follows that they 
must be the 2'- and 3'-phosphates (but there is no Indication from 
this \Thlch Isomer is the 2'- and which is the 3'-) ; had one Isomer 
been the 6'-compoand, then it would have been oxidised by periodic 
add (the two hydroxyls on 2' and 3' are free and adjacent). A 
study of the solubility, oddity and absorption spectra of these two 
cytidylic adds led Loring et oL to suggest that the “ a ” add is 
^-phosphate. This condusioda has been supported by Harris 
d tl. (1963) from their study of the infra-red speeWa of these com- 
pounds, Todd d al. (1964) have synthesised deoxycytidine-3' 
phosphate, and comparison of its infra-red spectra and other 
prop^es with cyddine phosphates provides strung evidence that 
" b " cytidylic odd is cytI^e-3' phosphate, and therefore that " 6 ’’ 
uridylic add is uridme-3' phosphate. Brown d al. (1956) have 
shown that hydraiine splits “ a " and “ b " cytidylic add to give 
ribose 2- and 3-phosphate respectively. “ b " Uridylic add yields 
the same ribose phosphate obtained from 6 ” cytidylic add. 
Thus the “ a " and " b " isomers of these nudeotides are the 
S'- and 3'-phosphates, respectively, of the ribonudeosides. 

Experiments using enzymic hydrolysis of nudeic adds have 
»hown that these adds rIvi contain S'-phosphoester links. Cohn 
d al. (1951) have isolated the S'-phosphates of adenosine, gnanosine, 
uridine and cytidine. These authors have also shown that the 
nucleotides In calf thymtis D.NA. are 3'- and S'-phosphates (position 
^ is iwt posrible since this Is a CH* group). 

Thus, according to the foregoing evidence, the phosphate radical 
occupy the positions 2', 8' and 6' in ribonucleotides, and 
3' and 6' fa deoryribonudeotides. These, however, by no means 
Qhaust the possible positiom of the phosphate radkah Todd d al. 
(1051) have identified cyclic nucleoside phosphates (2':3'-) from the 
hydrolysates of R.KJ^ a If these cyclic esters are actually 
present In nuddc odds, then the 2*- and S'-phosphates obtained 
by hydrolysia may arise by the opening of the cyclic compound 
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(dther the 2'- or 3'-eater will bo obtained). Todd et al. (1063) 
liave also isolated thymidlne-3':6' diphosphate and deoxycytidine- 
3'*J5' diphosphate from herring sperm deoxyribonucleic add. 

Heppel et al. (1956) have shown that these cyclic esters are con- 
verted into the 3'-ph^hate in the presence of TTu^thannl or ethanol 
and rfbonuclease provided the base is a qrtosine or a uracfl residue, 
e.g., 



Barker et al. (1956) have shown that this reaction occurs only if 
the alcohol contains a primary alcoholic gronp, and snggest that 
if such a reaction is concerned In the biosyntheds oi ribopoly- 
nudeotides from wrnplpr units, then this requirement (O., the 
primary alcoholic grou p ) might explain why only 3':5'-diester links 
are present in these polynucleotides (see 5I8 b). 


§13e. Nnclalc adds. Having obtained evidence about the 
structure of nucleotides, we must now consider the problem con- 
cerning thdr linkage to form nudcic adds. In the early work, 
when a nudeic add, obtained by drastic alkaline purification, was 
subjected to hydrolysis, the products were four molecules of phos- 
phoric add, four molecules of sugar, two purine molecules and two 
pyrimidine molecules, e^., yeast ribonucleic add gave four molecules 
of phosphoric add, four molecules of ribose, and one molecule eac h 
of adenkie, guanine, cytosine and uradh On this and other evidence 
(see v below) Levene (1926) was led to propose the " tetranudeotide ^ 
theory, e.g. (R — ribose) : 


(H0),P0-0— R-Adwilne 

i— P-O-R— 


— R— UraoD 

i — P— O — R— Guanl n o 


r~~ r — u — -TV — uiuuiiiic 

^ i— R-Oytoslns 

(fen 
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This simple structure for nucleic odds baa, however, been shown 
to be incorrect by more recent work, e^., 

(i) It baa been foxmd that alkaline inethoda of purification degrade 
nucleic adda ; thus the molecular weight varies \vith the methods 
used for the isolation of the add. 

(n) Various methods for determining molecular weights, e.g., 
diffusion and the ultracentrifuge, have shown that the D.NA. 
from the thymus gland has a molecular ^vcJght of 500,000 to 
1,000,000 or more ; R,NA. from yeast has a molecular weight of 
6,500 to 290,000. 

[lii) Various investigations, e.g.. X-ray studies and light scatter- 
ing effects, indicate that D.N.A. molccnles have little, if any, 
branching. On the other hand, R.NjV. molecules appear to have 
a branched structure. X-ray studies haNt shown that D.Nj^.’s 
are composed of two polynudeotldo chains wound as spirals round 
a common axis but head in opposite directions (Wilkins H al., 
1063; Watson d al., 1953). Forthermoro, in the solid state, the 
helix may be cither compressed or somewhat extended, 
fjv) The analysis of the hydrolysates of nucleic adds, particu- 
larly by chromatography, has shown that the adds from different 
sources have different chemical compositions. According to Char- 
gaff (1060), not one specimen of a nuddc add gave analy^ results 
cont^jonding to a tetraaudeoUdo ; thus the " statistical tetra- 
nucleotide " theory is untenable. Chargaff found that in D.NnA.b, 
the smn of the total purine nucleotides is equal to that of the 
pyrimidine nndeotides, and that the molar ratios of adenine to 
thymine, and of guanine to cytosine (or its analognes) are imity. 
Chargaff d al. (1954) also found the same regularities in R.N.A.S, 
with uradl taking the place of thymine, dargaff estimated the 
nucleotide content from spectral data (as well as by some of the 
earlier methods), and potuted out that the regularities arc not 
observed with purified samp^ oi pentose nndeic adds, 
but only when, e.g., whole cells ore subjected to hydrolysis. 

(v) Levene d al. (1920), from cleclromcric titration experiments, 
conduded that R>N.Aj show four primary and one secondary 
phosphate dissodation for each set of four phosphorus atoms 
present On this evidence, and on the results of analysis, Levcnc 
put forward his tetnmudeotlde theory (see above). More refined 
titration experiments, however, have shown that R,NJt.'s exhibit 
only three primary and one secondary phosphate dissodation 
{puUand et al., 1944). These latter findings are also supported 
by methylation experiments (Anderson d al., 1949). 

The sequence of nudeotides in nudclc adds is not yet known ; 
the nuinbtt of permutations is enormous (c/. proteins, §8. XIII). 
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The evidence obtained so fax appears to indicate thni yeast ribo- 
nucleic add consists of chains of purine nudeotidea linked to chainK 
of pyrimidine nudeotidea. 

Various structures have been proposed for the nudeic adds, e.g., 
Todd (1062) has suggested the following for deoxyribonudeic adds : 

— 0— ^R^O~P— 

D.N.A. 

Todd has also suggested the following for ribonucleic adds: 


Of-C^g 

V \ 

Cg-Og-^Of 

\ 

9«'/ \ 


R.NJV. 


Todd et al. (1053) have carried out some preliminary experiments 
which may lead to the solution of the sequence of nudwtides in 
nucleic ariH<, Jones et aS. (1958) have also developed a chemical 
method for the specific d^radation of deoxyribonucleic add^ 
These authors have found that on treatment with mercaptoacetic 
add (CH^H*CO,H), purines are removed and replaced by carboxy- 
methylthio groups. By means it is possible to obtain informa- 
tion on the rdative positions of purines and pyrimidines. Thus 
the results have sho^vn that in calf-thymus deoxjribonuclcic adds 
there are regions in which at least three pyriinidine nucleotides 
occur in adjacent positions. 
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CHAPTER XVII 


VITAMINS 

51 . Introduction. In addition to oxygen, water, proteins, fats, 
carbohydrates and certain inorganic s^ts, a nnmber of organic 
compounds are also necessary for the life, growth and health of 
animals (including man). These compounds are known as the 
“ accessory dietary factors ’* or viiamitu, and are only necessary 
in very small amounts. 

Many vitamins have now been Isolated and their atructurea 
elucidated. As each vitamin was isolated, it was named by a 
letter of the alphabet, but once Its structure had been established 
(or ahnort established), the vitamin has generally been renamed 
(see text). 

The vitamins have been arbitrarily classified into the " fat-solnblo 
group *’ (vitamins A, D, E and K), and the " water-soluble group " 
(the remainder of the vitamins). 

A number of vitamins have already been dealt with in various 
chapters dealing with natural products with which these particular 
vitamins ate closely associated chemically, ptx., vitamins Aj and A| 
(|7. IX), vitamin C (§11. VH), and the vitamin D group (^, 8a, 
6b. XI), This chapter is deiroted to a number of other vitamins 
(see the reading references for further information). 

From the point of view of chemical structure, there is very littio 
common to the various vitamins, but from the point of vi«v of 
chemical reactions, many of the water-solublo vitamins have one 
feature in common, and that is their ability to take part in reversible 
oxidation-reduction processes. Thus they form a part of various 
co-enxymes (see §17. XIII), nicotinamidB is present in co- 
cnxyme I (diphosphopyridine nucleotide ; DPN), and in co'enryme 
II (triphosphofiyTidine nucleotide ; TPN) ; phosphorylatcd pyn- 
is the co-enzyme of transaminases ; rilxiflavin in flavin adenine 
nucleotide (FAD) ; pantothenic add in co-cnrytne A ; etc. 


vitamin b complex 

$2. Introduction. Kjkman (1897) found that birds developed 
polyneuritis when fed with polikied rice, and were cured when 
720 
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they were given rice polishings. Then Grijns (1001) found that 
rice cored beriberi in man (berib^ in man corresponds 

to polyneuritis in birds ; it is a form of parolysia). Grijns sug- 
gested fhflt the cause of this paralysis was doe to some " deficiency " 
in the diet, and this was confinned by Funk (1911, 1912), who 
prepared a concentrate of the active substance from rice polishings. 
Funk believed that this active substance was a definite chemical 
compound, and since he separated organic bases when he prepared 
his concentrate, he named his ** deficiency compound ” a vUamine. 
It was fhrn foimd that “ vitomlno B ” was a complex mixture, 
and when a number of “ vitanilnes " were obtained that contained 
no nitrogen, the name viiamin was retained for them. The name 
vitamin B is now reserved for the complex mixture of vitamins 
in this group. 

§3. Vitamin Bi, thiamine (aneorln). Thiamine is one mem- 
ber of the water-soluble vitamin B complex, and is in the thermo- 
laMe fraction ; it is the absence of thiamine which is the cause 
of beriberi in man ; thus this vitamin is tho antineuritic factor 
(hence the name an^urin). Rice polishings and yeast have been 
the usual sources of thiamine ; eggs ore also a rich source. 

Thiamine is obtained crystalline in tho form of its salts ; tho 
chloride hydrochloride has been shown to have tho molecular 
formula Cj,HnON 4 G,S (Windaus d td., 1932) ; this salt b isolated 
In the form of Its hemihydrate, d. 248-260®. When treated with 
a sodium sulphite solution saturaied with sulphm dioxldo at rt»m 
temperature, thiamine fa decomposed quantitatively into hvo com- 
pounds which, for convenience, wo shall label A and B (R. R. 
Williams d ai.. 1036). 

CiiHuON^QiS + Na,SO, C,H.ONS + C,H,0,N^ + SNaQ 
A B 

Compound A, C,H,ONS. This compound shows basic proper- 
ties, and since it docs not react with nitrous add, it was inferred 
that tho nitrogen atom fa in the tertiary state. Tho functional 
natoe of the oxygen atom was shown to be alcoholic, e.g., when 
A b treated with hydrochloric add, a hydroxyl group (one oxygen 
and one hydrogen atom) fa replaced by a chknino atom, 
forthermore, since the absorption spectrum of the chloro derivative 
a almost the same as that of the parent (hydroxy) compound, this 
that the hydroxyl group is In a side-chain. TTie sulphur 
^ not give the reactions of a mercapto compound nor of a sulphide ; 
. stability {i^., unreactivity) of this sulphur atom led to 

•nggestion that it was ’ . ^''tcrocyclic ring. This condusJon 
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Mras confinncd by the fact that A ha* an absorption spectrum 
characteristic of a thiarok (§5. XU). 

R. R* WUlhuns a aL (lOSQ found that oiddation of A with nitric 
add gives the compotmd CiH^Oj^S, which can also be obtained 
by the direct oxidation of thiamine with nitric add. This latter 
reaction had actually been carried out by Windaus d aU (19S4), 
but these worlcets had not recognised the presence of tlie thiarolc 
nudeus. Wimams et dL showed that this oxidation product was 
a monocarboxylic add, and found that it was identical with i-metbyh 
thiarole-6<axboxylic add, I, a compound already described in the 
literature (Wbhiuanu, ISftO). Fican this It follows that A has a 
side-chain of two carbon atoms in place of the carboxyl gr oup in I 


CH i 


C'OH, 

R 

00, H 



•CHj 

•CH,-CH,OH 


II 


(one carbon atom ia lost when A is oxidised to I), Since it is this 
side-chain which must contain the alcoholic gronp, the ade-ebain 
could be dtber — CH,CH,OH or — CHOH'CH^ Either of these 
could lose a carbon atom to form a carboxyl group directly attached 
to the thiaxolfi nucleus. The second alterative, — CHOH-CHj, was 
excluded by the fact that A docs not give the Iodoform test, and 
that A is not optically active (the second alternative contains an 
asymmetric carbon atom). Thus A was given stmeture U, and 
this has been co nfirm ed by synthesis (Qarke d al., 1035). 


(1) 


CH, 

k 


St 

'iCiH| 


^,+ Br0H,0H,O0,H, 


co,o,n. 


OHj 

ooon-on,-oH,oc,n, 


CM, 


00— 0Ca'CH, QH,00,H, OO CIHC1'CH,-OH,00,H, 


(U) 

CM + oaH,CH,CK),H, 

\ ih — af 


H,0 + Hd + 

GHj 

_ C[H,*OH,OC,H, 


thlofonnamide 
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N C OJI, _ f — ^0-OH, 

Hn n I I I 

OH C0H,-CTI,C1 ™ OCH,OH,OH 

A 

The h>*drochloridc of this compound is identical with that of the 
prodoct obtained from thiamine (by fission), and also gives I on 
oxidaticm with nitric add. 

LoDdergan el ol. (1953) ha\‘o synthesbcd A from 2-meUiylfonin as 
foUowi : 



Compound B, C,H,0»NaS. Thb was shown to be a sulphonic 
add, when heated with water under pressure at 200®, B gives 
lalphnric add ; it also forms sodium sulphite when heated with 
concentrated sodium hydroxide solution. On treatment with nitrons 
odd, B e\'olvcs nitrogen ; thus B contains one or more amino 
preaps. Analysis of the product showed that one amino group 
is present in B (the product contained only one hydroxyl group). 
Fortbermore. since the evolution of nitrogen was slow, and ^e 
reaction of B with benzoyl chloride was also slow, this suggests 
that B contains an amldino structure (Wflliams ct aJ., 1036). 
WTHiams ri ed. (1030) then heated B with hydrochloric add at lOO” 
under pressure, and obtained compoxmd C and ammonia. The 

C,H,OjN^ + H,0 C,H,04N^ + NH, 

B C 

fonnation of ammonia indicates the replacement of on amino group 
a hj'droxj’l group. This type of reaction is characteristic of 2- 
and C-aminopjTimldines ; it was therefore inferred that B is a 
rjiiraidine derivative (cf. §14. XII). This is supported by the 
^ that the ultra\iolet absorption spectrum of compound C was 
to that of synthetic (Wiydroxypyrimidines ; thus B is 
rrwiably a C-aminopjTunidinc. 

'hen B U reduced with sodium in liquid ammonia, a sulphonic 
^ g^p b eliminated with tho formation of an amlnodimethyl- 
I^unidine (W illi a m s, 1030). Comparison of the ultraviolet abserrp- 
*P«trum of thb product wiOh various synthetic compounds 
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showed that it was 5-atmno-2’.®-dlmcthyIpyrimidiiie, and this was 
confinncd by synthesis (WflUams d at., 1937). 



aMUmldlM formjlpropionfa 
«st«r 


HH, 


inpOQi , 

(H) KH»- C|l»|OH 


m, 


Tho* B is 6-ainlna-2;5-diinethylpyrimidme with one hydrogen atom 
(other than one of the amino group) replaced by a aphonic add 
groop. When thiamine is treated tdth fcodimn in hqdd ammonft, 
one of the products is the dhmiDO derivative D, (Williams 

d ai., 1637). Compound D was identified as 6-ainlno45-amiDo- 
nttthyl-2-niethylpyrittddhie by comparison with the absorption 



D 


spectra of methylated aminopyrimidines of known structure (Wil- 
liams d al., 1937). This Is confirmed by the s^thesis of Gre^vo 

(1936); Williams d ol. had arrived at thdr conclusion indep •• 

of Crewe’s work (ice below for this synthesis). 

D, there is an amino group instead of the solpboolc 
Wmiams therefore concluded that the sulpbonic 
is joined to the methyl gro u p at positian C. 

(in 1937) by treating tPethoxymethyl .. " 

(see the synthesis described for ‘ ••■■■ 
whereby 6-hydro3cy-2'methylpyriinldyi 
was obtained, and this was shown to L- 
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Tliu^ I) lu^ the following stniclurc: 



Tliis ftrucluTC h confirmed b>’ 5>*nlhceis (Grerve, 1030 ; AnOenog 
rt il., 1037). 





KHj 


Cfi 

' C)1 




tyii' 

miTorwwiltnT^ 


L 0 t-IHi-M- 

■V 


l.)CH»-CO,H4-Hff r»« 


rto- • 
C-mfiliylpTrimlillrw 



Z r)»D.jlprfirilillr‘« 


TV final ptoM'^n h: How arc JraiTTienli A and B united in 
tliajnir.'* J Ax liaXT fcm, tlic wlphonlc add proup in B H 
r tfol-'crxl dminp tV fivion ol llilamtnc willi vxihim sulphite ; 
il.rjt ilr jo^rinl ol oHAclimrnl of Irapmcnl B B al the CH, proup 
»t r*. To acfounl fitr ihc farmatltm ol comiymnd D, 
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fragment B nrast be linked to the nitrogen atom of fragment A ; 
in this position, the nitrogen atom of the thlaxole ring is in a 
quaternary state, and so accounts for the chloride hydrochloride 
of thiamine. Had B been connected to A throng a carbon atom 
of the latter, it would not be easy to account for the ready fission of 
this carbon-carbon bond by means of sodium and liquid ammonia, 
nor for the fact that thiamine does not form a iO^fdroMorids, Thus 
the chloride hydrochloride of thiamine is 


^•HOl ^ 

tbUmine chloride hydrochloride 

This structure has been confirmed by ^thesb, e.g., that of Wifliarw 
a al (193a, 1037). 


CHf—N 


-UOUj 

S-CH.-OHiOH 


( 1 ) 


+ H-CO,C,H, OT-OH.OCVI, 

OH HH, 


GH,> 


0 0H,0D,H, (tipoa, Y’' 'hOHiOO,H, hv , 

mKHr^>r OhA 


OH. 


NHi'HBr 

0 “"' 




mA«ms 
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5'^) 


ai 


Mlj-HBr JT 


qi^cii,-cir,oii 


AfO to 
OtjOtl 


Mijiia ci“ 

K^^r-Cllt-N C-CII, 

cii ccii.ai,OH 

Ns^ 




\A. Co^carboxylase. Thb is the a>-cnz>Tnc of carboxyiast, and 
las been shem-n to be the pjTophospbale ol thiamine (T-ohmann 
ti td., IKTi). Carboxj'lase, which requires the co-cnijme for action 
(tee §10. XIII), breaks down pjTunc add, formed in alcoholic 
fermentation, to acctaldehj*dc and carbon dioxide, 

Cll.-COCO.lI + CO, 

Ovarhoxylx<e is 


ni 


u ■- 


V 


C-CIl, 

D 

(ni,cii,oTo(on) orofon), 


§5. Thlochrome was isolated from yeast by Kuhn d ai. (1025) ; 
It K a jtllow basic solid and Its solutions sliow a blue fluorescence, 
'niiofhromc is also formed b>' the oxidation of thiamine willi 
alkaline potassium ferriej-anide (Todd d a!., 1035) ; it has also 
\m s\-nlhesi<ed bj' Todd d at, (1030). 



Ihirtehfomf* 


l^* Vitamin n,, riboflavin (lactoflasln), Ilibo* 

MX'.n it a Hitrr-vtlublr, tlirrmoitaldc \*itamin Vihich occurs in the 
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vita m i n B complex. It U nececaiy for growth and health, and 
occHTB widely distribnted in nature, #.g., in yeast, green vegetable*, 
milk, meat, etc, Cheraically, vitamin B, is closely rdated to the 
yellow water-soluble pigments known as (iroallfixazines), 

and since it was first isolated from milk, vitamin B, is also known 
as hdofisviru 

Riboflavin is a bright yellow powder, m.p. 2&2*, showing a green 
fluorescence ; it is soluble in water and in ethanol, but is insoluble 
in chloroform and other organic solvents. 

When exposed to li^t, lactoflavin in sodium hydroxide solution 
forms mainly lumi-lactofiavin, C, jHj,0 |N 4 (this is soluble in chloiu- 
fonn). Lumi-lactoflavin, on boQicg with barium hydroxide solu- 
tion, is hydrolysed to one molecule of urea and one molecule of the 
barium salt of a ^ketocarboxyllc add, I, CuHjtOjN* {Kuhn d d,, 
1933, 1934). The nature of this add is shown by the fact that, 
on addlficatkm of the barium salt, the free immediately 
eliminates carbon dioxide to form the compound, IT, 

This compound shoved the properties of a lactam, and on vigorous 
hydrolyris by boiling with sodium hydroxide solution, it forms one 
molechle of glyoxylJc add and one molecule of the compound 
C,HuN, (UI). 




C^lH,, 04 N^ 
lactoflavin 
CO(NH,),-1-CC,^uO,N4] 
I 


lumi-lactoflavin 

-CO, 


CuH,,on,-!^ 22 vChoco,h + c,h„n, 

u ni 

The structure of III was eluddated as fcdlows (Kuhn et d., 1934). 
Prelimlnaiy tests showed that IH was an aromatic dl amino com- 
pound. Then it was found that h gave a blue precipitate with 
ferric chloride, and since this reaction is characteristic of mono- 
methyl-o-phenylenedlamine, it suggests that HI contains the 
following nucleus, IV. The molecular formula of IV is 

/V"' 

(X. 



IV in. 

and since HI Is two carbon and four hydrogen atoms 

must be accounted for. This can be done by assuming the presence 
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of an ethyl gronp or of two methyl groups in the benzene ring. 
Kohn (i el. carried out a series of symthctlc experiments and showed 
that III has the structure gi\*cn, i'^-methyl-4:fS-diainmo-o-xylcnc. 
Kuhn then proposed II as the structure of the precursor of III, since 
this would produce the required products of hydrolj’sis. 



II 111 

n could therefore ha\’e been produced from the ^ketocarboxyUc 
Qcid I. 



I II 


Since I and a molecule of urea are obtained from lumi*lactoflavin, 
the latter could be 6:7:&-trimethyljJoaIbxailne (6:7:9' trimethyl- 
fla\*in). 



hnnl-lactoflarin 

structure for lumi-lactoflavin has been confirmed by synthesis 
(Kuhn et al., 1034). ^-Uethyl4:6'dlainin0'0-xylene is condensed 
with alloxan hydrate (§2. XVI) in aqueous solution at 60-00®. 




730 OKGAjnC CHEMISTRY [CH. XVH 

Methylation (methyl sulphate) of this synthetic jttoduct gives a 
tetiamethyl compound ideutiaJ with the product obtained by the 
methylation of ^ natural lomi-lactoflavin. 

Strfe-c^m of ludoJUxmn 

Exposure of a itfidral solution of lactoflavin to light produces 
lumichrome, (Korrer d al., 1D34). Analytical work 

similar to that described for luml-lactoflavin showed that the 
strtKture o! lutnlchrome is 



Thus lumichrome a lumWactoflavin with a hytlxogen atom instead 
of a methyl group at posithm 9. This suggests that lactodavin 
contains a side-chain (of five carbon atoms) attached to The 
Zerewitinoff procedure shows that lactoflavin contains five active 
hydrogen atoms ; thus the molecule contains four hydroxyl groups 
(one active hydrogen atom is the hydrogen of the NH group at 
poatkm 3) . The presence of these four hydroxyl groups is supperrted 
by the fact that the silver salt of lactofla^ (the silver atom replaces 
the hydrogen of the NH group) forms a tetra-acetate. Thus the 
side-chain Is a tetra-hydroxy derivative, and so a possible structure 
for lactoflavin is : 


cn, 

GH, 



(OHOH),*OH,OH 
N. 


lactoflavin 


This ride-chain contains three nsymmetric carbon atoms, and so 
there are eight optically active forms possible. Which configuration 
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is actually present was solved by synthesising a number of pentose 
vatives, and it was finally shown by Karrer ei al. (193^ that 
configuration is that of d(— )- ribose- The following syntheses 
due to Karrer el al. (1035). 
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Thus lactoflavin is 6:7-<iinwthy^^[M'»ribityI]'t»aIloaiinc. Of 
all the pentoses (and hexoses) us^> only the co mp ound from 
D-ribose show growth-promoting properties. For this reason 
vitamin Bj (lactoflavin) is also known as riboflavin. 

§7. Pantothenic add, C^i,0,N, is a chick antidermatitis factor, 
and is also capable of promoting the growth of yeast and of bacteria ; 
it has been isolated from many sonrcea, e.g., liver, kidney, yeast, 
etc. 

Pantothenic add shows the reactions of a monocarboiyllc add, 
e.g., it can be esterified to form mocoesters (R. J. W il l iams d 
1939). The application of the method for deter mining active 
hydrogen atoms shows that pantothenic add contains two hydroxyl 
groups, and since the add condenses with benzaldehyde (to form 
a banylldene derivative) and with acetone (to form an tsopro- 
pylidene derivative), this suggest that the two hydroxy groups 
are in either the 1:2- or l:S-pc»ition {(f. gS, 9. VI^. When warmed 
with dilute hydrochloric add, pantothenic add is Itydrolysed into 
compounds I and IT. Investigation of I showed that it was ^-alanine 

C,H„0,N -22.. C,H^,N + C.H„0, 

I n 

(actually present as the hydrocbloride, Cl{H3NdlH,KlH,dlO,H). 
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On the other hand, when hydrolysed with alkali, pantothenic add 
forms ^alanine (I) and the salt of an add which, on addification, 
fpontaneonsly forma the lactone II. Thus the free add of II is 
probably a y- or d-hydroxycarboxylic add ; also, since the rate of 
hetonisation is fast. II is more likely a y-lactone than a d-lactone 
{cj. 7c. VII). As pointed out above, pantothenic add contains 
two hydroxyl groups. One of these has now been accounted for, 
and so the problem is to find the position of the second one. This 
was shown to be a- by the fact that the sodium salt of the add 
of the lactone 11 gives a canary yellow colour with ferric chloride 
(a test characteristic of a-hy^X}radds), and also by the fact 
that II, on w ann ing with concentrated sulphuric add, liberates 
carbon monoxide (a test also characteristic of a-hydroxyadds). 
Thus n is most probably the y-lactonc of an a-hydroxyadd (R. J. 
w mian w et al., 1040). 

II was shown to contain one active hytirogen atom, and the 
application of the Kuhn-Roth methyl side-chain determination 
(j3. IX) showed the presence of a gm-diroethyl group (Stfller ei al., 
IWO) ; the presence of this group is confirmed by the formation 
of acetone when the lactone II U oxidised Nvith barium perman- 
ganate. Thus a possible structure for II is a-hydroxy-/?:^-<iimethyl- 
y-butyrolactone : 


CH,— C(CHJ^HOH— C0-sC,Hij,0, 

i 0 ' 

II 

This has been coufirmed as follows. Treatment of the lactone with 
raethj’lmagnesiura iodide, followed by hydrolysis, gives a trihj*dric 
alcohol which, on oxidation with lead tctra-acctatc, gives acetone 
and an aldehyde. This aldehyde, on oxidation with sflver oxide, 
ga\x a compound III, which wras shovm to be ^hydroxy-ct:a- 
dtmethylpropionic add. The foregoing reactions may be formulated 
as follows : 


CH,*C(CH^,CHOHCO 


(II) u,u 


U 


CH.OH-C(CH J,-CHOH-C{OH)(Ci!,), 
CH.-COCH, + CH,OH-C<CHJ,-CHO 
CH,OH-C(CHJ,-CO,H 
III 
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I'cmientaticm Z. casH factor contains three glutamic add residua ; 
yeast vitamin Be conjugate contains seven glutamic add reddna! 

JSa. Strnctore of L. caiei (actors (Angier ti (d., 1946). The 
alkaline hydrolysis of the fermentation Z. casei f^or, in the 
absence of oxygen, formed two molecules of D-glutamic add and 
the DL-fonn of liver Z. card factor. On the other hand, the al^alirws 
hydrolysis of the fermentation Z. casd factor, in the presence of 



A pteridine B 


air, gave two substances, I and IL I was shown to be a mono- 
carboxylic add, and the examination of its ultraviolet absorption 
spectrum led to the conclusion that it was a pteridine derivative 
(A is the system of numbering used here ; B is an alternative 
system of numbering frequently used in American pubIicati(M). 
A further examination of compound I showed that it also contained 
one hydroxyl and one amino group. Oxidation of 1 with chlorine 
Nvater, fallowed by hydrolysis with hydrochloric add, produced 
guanidine, NH=C(NH|)„ as one of the prodnets. The iorma&cm 
of this compound suggests that the amino group is at position 2. 
Finally, I was shown to be 2-ainmo-(J-hydroxypteridine-8-carbox3dic 
add by synthesis. 



V 


VI 
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The reactions of compound H flho^ved that it was a primaiy 
aromatic amine, and on hydrolysis it gavo one molecule of ^ainino- 
bcmoic odd and three molecules of glutamic add. 

Hydrolysis of the fermentation Z.. casd factor with sulphurous 
odd gave an aromatic amine. III, and an aldehyde, IV. HI, on 
hydrolysis, gave one molecule of jSainlnobcntoic add and three 
molecules of glutamic add, i.e., II and HI are identical. When 
the aldehyde IV was alloNved to stand in dilute sodium hydroxide 
lolution in the absence of air, compound I and another compound, 
V, were produced V, on vigorous hydrolj^, gave 2-amino-B- 
methylpyraiine, VL From this it was conduded that V is 2-airuno- 
(J-bydroxy-8-roethylptcridine, and IV is 2-nmino-5*hy droJtypteridine- 
8-aldehyde. Consideration of this evidence led to the suggestion 
that the liver L. ccsei factor has the structure given in ^8 ; 
has been confirmed by synthesb, e.g., that of Angier d al. (1046). 


yNH| 0jH|0|0. 

(i)Nn-c( + 




■NH 



A 




2:4:5-triainino4^ 

hjrdroxypyrimidlne 




II CHnr-CH,nr 

rm 
Id 

1^ 


nit 


cx)->ni<ai-(CH,),<x)iii 

CO^H 

2:3-dil)rfnntv 

proplonnld»*hy<I«i /J-amJnob<ruoyJ-L{+)- 

plutnralc acid 

eui-cOiN. 



f 


n,KAj,Ajj: 


OH, 


,nii- A~X 


Cnmi-OH-tCHACOjH 


i»,ii 


liver Jaetor 
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It might be noted, in peasing, that the pterins are pigments 
of butterfly wings, wasps, etc.; they were first isolated from 
butterfly wings. 




xanthopterin 


lencoptarin 


§9. Biotins (vitamin H). Bios, an e xtra ct of yeast, was shown 
to bo necessary for the growth of yeast (Wildiera, 1901). It was 
then found that bios consisted of at least two sulwtances (Fulmer 
et aL, 1922), and two years later. Miller showed that three nib- 
stances were present in bios. The first of these was named Bios I, 
and was shown to be nwjoinositol (Eastcott, 1928 ; see also §18). 
The second constituent, named Bios tlA, was then shown to Iw 
/^-alanine (Miller, 1030) or pantothenic add (Rainbow d aJ., 1939). 
The third substance, namM Bios UB, was foond to be identical 
with bictin, a substance that had been isolated by EOgl ei al. (1930) 
as the methyl ester from c^-yolk. Subsequently other f^oia 
present in trios have been isolated, pyridoxin (see §10) and 
nicotinic add (§11). 

Biotin is a vitamin, being necessary for the growth of animals. 
In 1940, du Vigneaud d al. isolated from liver a substance which 
had the same biological prop e rties as biotin. K6gl d al. (1943) 
named thdr extrax^t fr om egg-yolk a-biotin, and that from liver 
^biotin. Both compounds have the same molecular formula 

P-Blotin (Bios TTR or biotin), m.p. 230-282®, behaves as a 
saturated compoxmd (the usual tests showed the absence of on 
ethjrienic double bond). ^Biotin forms a monomethyl eater 
CjjHijOjNjS which, on hydrolysis, gives an add the titration 
curve of which corresponds to a monocarixM^c acid ; thus the 
formula of ^biotin may be written C,Hi,ON,S*CO|H. When 
heated with barium hydroxide solntioii at 140®, ^biotin is hydro- 
lysed to carbon dioxide and a diaminocarboxylic add C*HuOjNtS 
wdiich, by the action of carbonyl chloride, is reconverted into ^-biotin 
(du Vigneaud d al., 1941). These reactions sugg^ that ^lotin 
contains a cyclic ureide structure. Furthermore, since the diamin o- 
carboxylic add condenses with jAenanthraqninone to form a quin- 
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atalinc derivative, it foUowa that the tm) amino groups are in the 
I:2-positions {cf. §10. XII), and thus the cyclic creide is five-mem- 
bered. Hence we may write the foregoing reactions as follows : 


m NH| 

A 

p-bkjtin dlamino-eompound 

When this diaminocarboiylic add is oxidised with alkaline perman- 
ganate, adipic add is pranced (du Vlgneaud d al., 1941). One 
of the carboxyl groups in adipic add was shown to be that originally 
present in ^-biotin as follows. When the carbomethoxyl group of 
the methyl ester of ^biotin was replaced by an amino gixjup by 
means of the Curtins reaction (ester — >• hydradde adde — ► 
urethan-^NH, ; see VoL I), and the product hydrolysed with 
barium hydroxide solution, a triamine Nvas obtained which did not 
give adipic add on oxidation with alkaline permanganate (da 
Vigneaud d d., 1941, 1942). It was therefore inferred that jJ-biotin 
contains a — (CH|) 4 ‘CO,H side<hain («-valeric add tide-diain). 

The absorption spectnim of the quinoxaline derivative (formed 
from pbenanthraquinone and the diaminocarboxylic add) showed 
that it was a quinoxaline, I. and not a dihydroquinoxaline, II ; 
thus the diamfnocarboxyiJc could be III but not IV. 



It therefore follows that the >i-valcric add side-chain cannot bo 
attached to a carbon atom joined to an amino group. 

The nature of the sulphur atom In /?-biotin was shown to be of 
the thioether type C — S — C) since: 

(i) Oxidation of ^biotin >vith h>drogen peroxide produced a 
tulphont. 

W) WTicn the methyl ester of /?-bioUn was treated with methyl 
a sulplvonium iodide was formed. 
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It might bo noted, in passing, that the pterins are pigments 
of butterfly wings, wasps, etc. ; they were first isolated from 
butterfly wings. 




zanthopterio 


lenc<^>t«rln 


§9. Biotins (vitamin H). Bios, an extract of yeast, was sbown 
to be necessary for the growth of yeast (WUdiers, 1901). It was 
then found that bios consisted of at least two substances (Fulmer 
et el., 1922), and two ycara later. Miller showed that thi« sub- 
stances were present in bios. The first of these was named Bios I, 
and was shown to be mescinositol (Eastcott, 1928 ; see also $18). 
*1116 second constituent, named Bios DA, was then shown to be 
^alanine (Miller, 1936) or pantothenic add (Rainbow d oL, 1939). 
The third sobstimce, named Bios IIB, was found to be identic^ 
with bioUn, a substance that had been isolated by Kdgl d el. (1936) 
as the methyl ester from egg-yolk. Subsequently other factors 
present in bios have been isolated, «.g., jpyridoxin (sec §10) and 
nicotinic acid (§11). 

Biotin is a vitamin, being necessary for the growth of wnfmaR 
In 1940, du Vigneaud d al. isolated from liver a substance which 
had the same biological pr o per ties as biotin. EOgl d el. (1943) 
named their extract from egg-yolk a-biotin, and that from liver 
^biotin. Both compounds have the same molecular formula 
Ci,HnO>NjS, 

p-BIotln (Bios IIB or bbtin), m.p. 230-232'*, behaves as a 
saturated compound (the usual tests showed the absence of an 
ethylonic double bond). ^Biotin forms a monomethyl ester 
CjjHuOjN^ whldi, on hydrolysis, gives an acid the titration 
curve of which corresponds to a monocarboxylic acid ; thus the 
formnla of ^-biotin may be written C,Hj,ON^*CO,H. "When 
heated with barium hydroxide solution at 140®, ^biotin Is hydro- 
lysed to carbon dioodde and a diaminocarboxyiic add C,HjjO^|S 
which, by the action of carbonyl chloride, is reconverted Into ^biotin 
(du vigneaud d el., 1941). These reactions suggest that ^biotin 
contains a cyclic ureido stro ctur e. Furthermore, since the diamino- 
carboxyllc add condenses with phenanthiaqumone to form a qura- 
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oxalinc dcri\’ati\’e. It follows that the two amino groups are in the 
l:2-position5 (f/. flO. XII), and thus the cjxlic urdde is fi\’0-mera- 
bcrcd. Hcncc \vc may write tho foregoing reactions as follows : 


Nil iu(OH>, NHi 1^1| 

1 I ====^ J I 

^biotin diomino-eompound 

WTicn this diaminocarboxylic add Is oxidised with alkaline perman- 
ganate, adipic add is produced (du Vigneaud d aJ., 1041). One 
of the carbaxyl groups in adipic add was shown to be that originally 
present in ^biotin as follows. ^Vhen the carboraethoxyl group of 
the methyl ester of ^biotin was replaced by an amino group by 
means of the Curtias reaction (ester — hydraride — ► axide 
urethan — ► NH, ; sec VoL I), and the product hydrolj'sed with 
barium h3rdroxIde solution, a triamine was obtained which did not 
Ei\e adipic add on oxidation \vith alkaline permanganate (du 
Mgueaad d ed., 1041, 1042). It was therefore inferred that ^biotin 
contains a — (CH|)4*CO,H side-chain (n-valeric add ride-chain). 

The absorption spectrum of the quinoxaline derivative (fonned 
from phenanthraquinone and the diaminocarboxylic add) showed 
that it was a quinoxaline, I, and not a dlhydr^uinoxaJine, 11 ; 
thus the diaminocarboxylic could be III but not IV. 




It therefore foDowi that the «-valeric add side-chain cannot be 
attached to a carbon atom joined to on amino group. 

The nature of the sulphur atom in /?-biotin was shown to be of 
'^^ther ti-pe {U, C— S-q since: 

(i) Oxidation of ^biotin with hj'drogcn peroxido produced a 
mlphonc. v o r r 

(3) Vlicn the methji ester of /5-bioUn was treated with methyl 
“•hoc. a tulphonium iodide was formed. 
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As we have seen, ^biotin does not contain a donble bond ; hence, 
from its molecular formula, it was deduced that ^biotin contains 
two rings (du Vigneaud el al., 1041 ; K5gl et ak, 1941). The sort 
of argument that may be used is as follows. The molecular formula 
of ^biotin is Cj^i,0,N,S. The caiboxyl group may be regarded 
03 a substituent group, and so the parent compound will be 
C,Hj,ON,S. Also, since two NH groups are present, these may 
be replaced by CH, groups ; thus the parent compound is CuHi/DS, 
The CO group may be replaced by a CH, group and the sulphide 
atom also by a CH, group. This gives a compound of formula 
CjiHy whkh has the same *' structure " as ^blotiiL Now the 
formula Ci,H,, corresponds to the general formnla C^,,^_,, and 
this, for a saiuraUd compound, corresponds to a system containing 
two rings. 

‘When heated with Raney nlckd, ^-biotin formed deihicbictin by 
elimination of the sulphur atom (this is an example of the Mixdngo 
readion, 1043). Detldobiotin, on hydrolysis with hydrochloric add, 
gave a diamlnocarboxylic add which, on oxidation with periodic 
add, gave pimelJc add (du Vigneaud et ak, 1942). These results 
can be explained by assuming that the sulphur atom is in a five- 
raembered ring and the ft'valeric add side'Chaln is In the position 
shown. 


r 






-8 
O'bloUo 


/CO 
NH NH 


OH 

CH, aH,-(OH,)4'CO,H 
dethlobloiin 


NH, NH, 

iiH-v Ah — OH 

Ah. OH,-(aH,),'Oo,H 


HIO. 


(j)o,n 

GH,-(On,h'CO,H 
pimollo add 


Further evidence for thi^ structure Is given by the fact that the 
exhaustive methylation of the diamlnocarboxylic add (produced 
from dothiobiotin), followed by hydrolysis, gave d-(2-tbienyl)“Vflleric 
add (du Vigneaud et at., 1942) ; the structure of this compoimd 
was confirmed by synthesia. 
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U * '“'’C> 

ghitario 

tUophen »nhjdrido 


|^(OHA-CO,H 


( 1 KCH.kSOt-W.OH 
(njconc. KCl 


H 24 hS®Tiyl>- 
vakHo add 



m, NH, 

:h — Ah 

, ^(iH-(cn,),-co,H 


The above structure for ^biotin has been confirmed by synthesis 
(Harris d mL, 1043, 1044), 


NH, 


CO,Na+ CH,01'00,N* 

:, 8 Na 


Ht uit of 
t-cyniae 


NH, 

CM*oo,n 

OH, /CH, GO,H 
^8 


c.n»-coa 

(ii)at| 0 )i-Ha 


NH'CO'CiR, 

An-co,oH, 
qi,^3H,co,cu, 


ciiibii* V" 


NHCO-C,H, 


CONa 


NHOO-OiH, 

, Ah — 00 




00, OH, 




CHOfCHA-COrfM. 

F*P«»*U. MUK ^ 


(pi CO 

m, (U(3H-(CH,),-C0,0H, 


(I) KHjOH 

(a)Za-CH»-CO,H/(CH|-CO),C^ 


'V'.'CjO (jO'OH, 
NH NH 
CH — C 


C,H,TO 






■(CH,),-00,OH, 


r 


(3H, 


CH — OH 


/(CHch’OOjCH, 
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(0B.(OH)t 

(H)H,So, 

(BJ COCl,-N*HCO, aq. 


NH NH 
^ ^ 


V 


CT‘(oh,)4-co,h 


Two racemates were isolated, one of which was (±)-^biotin; 
this was resolved via Its esters with (— )-mandeIic add 

Examination of the ^biotin fonnula shows the pre s ence of three 
asymmetric carbon atoms ; the rings are fused in the ai-poaition 
in ^biotin. 

The structure of a-blodn Is nncertain. 

§10. Pyridoxin (Adermin, vitamin B,). C,HuO,N, is obtained 
from rice bran and yeast ; it cures dennatitia in rats. Pyridoxin 
behaves as a weak base, and the usual tests showed the absence 
of methoxyl and methylamino groups. Application of the Zcre- 
witinoS method ahow^ the presence of three active hydrogen 
atoms. When treated with diaxomethane, pyridoxin formed a 
monomethyl ether which, on ace^dation, gave a diacetyl derryative 
(Kuhn d al„ 1938). It therefore appears that the three oxygen 
atoms in pyridoxin are present as hydoxyl groups, and since one 
is readily methylated, this one is probably phenolic. This con- 
clusion is suppled by the fact that pyridoxin gives the ferric 
chloride colom reaction of phenols. Thns the other two hydroxyl 
groups are alcoholic. 

Examination of the ultraviolet absorption spectrum of pyridoxin 
showed that it is nmllnr to that of 3-hydroiypyridine. It was 
therefore inferred that pyridoxin is a pyridine derivative with the 
phenolic group in p n«dHnn 3. Since lead tetra-acetate has no action 
on the monomethyi ether of pyridoxin, leads to the conclusioo 
that the two alcoholic grou ps are not on adjacent carbon atoms 
in a side-chain (Knhn d ai., 1930), When this methyl ether is 
vay car^uUy oxidised with alkaline potassium permanganate, the 
pr^uct Is a methoxypyridinetiicarbozylic add, C^jOtN. This 
add gave a blood-red colour with ferrous sulphate, a reaction which 
is characteristic of pyridino-2-carboxylic add ; thns one of the 
three carboxyl groups is in the 2-position. When the methyl ether 
of pyridoxin was oxidised with alkaline permanganate under the 
usual conditions, the products were carbon dioxide and the an- 
hydride of a dicarboxyhe add, C^, 04 N ; thus these two carboxyl 
groups are in the oriko-po^on. Farthermore, since this anhydnde. 
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on hydrclj-si* to Its corresponding add, did not give a red colour 
with ferrous sulphate, there is no carboxyl group In the 2-position. 
It therefore follows that, on decarboxylation, the tricarboxylic acid 
tliminatcs the 2-carboxyl group to form the anhydride ; thus the 
tricarboxylic add could have either of the following structures. 



Now pyridoxin methyl ether contains three oxygen atoms (one as 
melhoxyl and the other two alcoholic) ; It Is therefore possible that 
two carixo}'! groups In the tricarboxj'Uc add could arise from two 
CHjOH groups, and the third from a methyl group, pyridoxin 
could be dthcr of the following : 

. CH|On 


011,011 

n0C3I,/^0H 


A dedrion between the t\vo structures >vas made on the following 
evidence. When pyridoxin methyl ether was oxidised with barium 
perraanganate, the product was a dicarboxyiic add, C,H,0,N, which 
did not give a red colour with ferrous sulphate ; thus there is no 
carboxyl group in the S-positlon. Also, since the dicarbo.xylic add 
formed an anhydride and gave a phthalcin on fusion with rttordnoh 
the two carboxyl groups must 1^ in the ortAo-posItlon. Furthcr- 
niore, analysis of both the dicarboxyiic add and Its anhydride 
•Iw'ved the presence of a methyl group. Thus the structure of 
tbb dicarboxyiic add is dthcr I or IL 

HO,o/^OOH, 

V°H. 

1 n 

^ (1030) showed that the anhydride was that of I from 

formation by the oxidation of 4-methoxy-3-incthyl-i«>qainolJne 
(a synthetic compound of lalo^vn structure). 


CO,H 
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Hence, on tlie foregoing evidence, pjridoxin is 
OH,OH 
HOOH,/^OH 


pyridoxin 

This structure has been confirm^ by synthesis, e.g,, that of Harris 
and Folkcrs (1039) ; 


2° \ 


961 *** 60 

CEj-OO H|N 


gH,OC,H| 

ON HNO, 




(cm'co)*© 


ethoxyaoety]' eyano- 
aoetona acatamide 



§11. Nlcotlnlcacld and nicotinamide. These two compounds 
have been shown to be the human pellagru-preventing (FT*.) factor. 
Nicotinamide is part of the co-enzymes codehjTlrogenasc I and II, 
which play a pert in many biological oxidations. 

Nicotinic add {Niadn) was first prepared by the oxidation of 
nicotine (521. XTV). This is now used as a commerdal method;. 
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another commercial method for the preparation of nicotinic add 
is the NTipour-phase oxidation of 3-inethylpj’ridine (^picoline) in 
the presence of a vanadium and iron catalj^ 



Still another commercial method is the oxidation of quinoline to 
quinolinic add, ^rhich is then decarboxylated to nicotmic acid (see 
also §21. XIV). 

Nicotinamide, m.p. 131*. is manufactured by various methods, 
e.g., by the action of ammi-mia on nicotinyl chloride, or by beating 
nicotinic add with urea in the presence of a molybdenum catalyst. 



§13. Vitamin Bn, Cyanocobalamln. This is the anti-per* 
nidous angmia factor, and has been isolated from liver extract. 
Folic add (§8) also has anti-anicnilc properties. Vitamin has 
been obtained as a red crystaliine subst^ce (Folkers ei of., 104S; 
Smith et al., 1048, 104D), and the dements present have been shmvn 
to be C, H, 0, N, P, Co ; thb ^itamin is the first natural product 
found to contain cobalt. The cobalt has been shown to be attached 
to a c>’ano group. The h>'drol>’si5 of vitamin Bj, with hydrochloric 
add under difierent conditions produces ammonia, l-aminopropan- 
2*ol (I), firO-dimcthylbentiminozole (II). 5il-dlmethyIbeniiminaiole 
I-a-D-iibofuranoside (III), and the 3'*pho5phate of III (Folkers et al., 
1049, lOTO; Todd ei al., 1050). Compound IV (a sucdnlmido 
dcri\*ative) has ako been Isolat^ by the chromic odd oxidation 
of hydrolysed dtamin B|, (Folkers, 1056). 



ClIyOlIOIIOlIaNIl^ 


Mei 

Mel 
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other work has shown that six amido groups are present in the 
molecnle. Also, alkaline hydrolysis of vitamin Bj, gives a mix- 
ture consisting mainly of a penta- and a hera carboxylic add, in 
both of which the nucleotide fragment is absent. As the result 
of a detailed X-ray analysis of the hcxacarboxyiic add, vitamin Bj, 
has been assigned the stmctnre shown. 



A point of interest is the arrangement of the four pyrrole 
nudei is somewhat irimnAr to that in the natural porphin deriva- 
tives such as hgm and chlorophyll g§2, 7. XDQ. 
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A mimber of vitamin Bi, compounds have now been isolated 
which differ only in the nature of the basic component of the nucleo- 
tide- The remainder of the molecule, which is referred to as 
Factor B, is common to all the members of the vitamin Bjj group. 


§13. Other compounds of the vitamin B complex. Three 
other compoimds which have definitely been isolated from the 
vitanrin B complex are : 

(I) ^Aminobenxoic add ; this is a growth factor for bacteria, 
fii) mewinositol (m.p. 525-226“). This Is a growth factor in 
animals, and its configuration has been eluddated by Postemak 
(1042; see also §11 iv, IV). 

(Bi) Choline. The absence of this compound leads to the forma- 
tion of a fatty liver in animals. 



mejoLaoahol 

Uozde acid 


HO |(CHj).N-aH,-CH,OH 

CboKtM 


Other vitamins of the vitamin B complex that have been said 
to exist are vitamins B», B*. B^ Bjn, Bjj, Bj^ B^i, and others. 


VITAMIN E GROUP 

§14. Introduction. "S^tamin E Is the anti-sterility factor ; it 
'^’ccurs in seed germ oils. It is now known that there are three 
^^^osdy related compounds comprising ** vitamin E " ; all three arc 
hiotegicafly active, and are known as and y-tocopheroL The 
ttiain source of a- and ^tocopherol is wheat germ oil ; the y-com- 
pound is obtained from cotton seed off. ^Vheat germ oil was first 
•objected to chromatograpldc analyifa to remove sterols, etc., and 
then the a- and ^tocophcrols were purified by conversion into 
their oyTtalline allopbanates (see §12. XII) or 3:6-dlnitrDbeiiioates. 
Hj^lysis of these derivatives gave the tocopherols as pale yellow 
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515. a-Tocopherol, When a-tocopherol is heated at 

850", dcroquinol is obtained (Femhok, 1937). On the other hand, 
when heated with selenium, a-tocophcrol forms- duroquinoDe 
(McArthur d al., 1937). Hnally, when heated with hydrlodic ariH 
^p-cumend is formed (John et al., 1937), 


a-;tocopherd 



The formation of these products led to the suggestion that a-toco- 
pherol was the monoether of duroqninol ; the possibility that it 
might be the diether was ruled out by the fact that a-tocopherel 
fo rm s an aHophanate, which in d i cates the pre sence of one free 
hydroxyl group. Thb monoether structure was shown to be in- 
correct by the fact that the ultraviolet absorption spectra of various 
monoetheri of duroquinol were different fr o m that of a-tocopherol 
(Femhok, 1938). 

Oxidation of a-tocopheroI with chromic add forms dimethyl- 
maleic anhydride and a compound 

OjiHuOi ^ B O + 

chjC6 

This latter compound was shown to be an optically active saturated 
lactone. This lactone was then shown to be derived from a ^ 
hydroxyadd in which the hydroxyl group is tertiary, c,g., the add 
lactonised immediately its salt was addified, and also could not 
be oxidised to a keto-add. Thus the structure of this lactone may 
ba written (R -f R' na 17Q : 
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Now a-tocopherol acetate, on oxidation with chromic add, forms 
an add, I, and a ketone, Ci,H„0, 11. Both of these 

compotmds most be produced by iht oxidation of the lactone at 
difierent points in the chain. Femhols therefore suggested that 
If in the lactone R =- Cj,H„ and R' •«> CH^ then the products I 
and n can be accounted for ; thus : 


(1) 



CjiHjgOj 

I 


(U) 


CuHjj — 6/ aH,-OHj<X) - 


C^glTja'CO'CIIj 

n 


FemhoU then showed that the add (I) contained methyl groups 
(c/. IX), and was led to propose a structure based on the isoprene 
unit, rir., 


CH, CH, CH, 

I I I 

ch,-ch-(chj,-ch-(chj,<;h-(ch,),-co,h 

The evidence obtained so far indicates the presence of a sub- 
stituted bcniene ring and a lorvg aide-chain in a-tocopheroL When 
the monoethers of duroqulnol (see above) were oxidised with silver 
nitrate solution, the action took plac» far more slowly than for 
a*tocopherol when oxidised under the same conditions. Further- 
more, whereas the lonuer compounds were oxidised to duroquinone, 
the latter compound gave a red oil which appeared to have approxi- 
mately the same molecular weight as a-towpherol (Femholx, 1938). 
Since duroquinone is not split off during this oxidation, it suggests 
that the ride-chain is connected to the aromatic ring by a carbon 
bond as well as an ether link. In this case a-tocopherol is either 
a chroman or coumaran derivative : 



ehroroan iiructure ' coumaran aLructore 
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According to Femholz, the oxidation prodncts are best explained 
on the chroman stmcture- This has supported by ultraviolet 
absorption measurements of a-tocopharol (John €t ai., 1038). 

Karrer ei al. (1038) have synthesised (±)-a-tocopherol by con- 
densing trimethylquinol with ph 3 rtyl bromide {§30. VTTT), 



This, synthesis, however, Is not completely unambiguous, since 
phenols may condense with ally! compounds to form coumsrans. 
Smith ei aL (1030) have abown that y;^*-di5uh5t3tuted h alides form 
only chromans, and since phytyl bromide is a. halide of this type, 
this strengthens the course of the synthesis given above. Fin^y, 
Smith d ak (1042) have carried out an nnambiguous synthesis of 
a-tocopherol as fallows: 
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(±)-a-toooplierol 


Smith ti al. prepared the melhyl ketone by oxonolysis of phytol. 
and also by oxidation of phytol with chromic adi 

§16. p-Tocopherol, This formola differs from that 

of a-tocopherol by CH^ Thermal decomposition of ^tocopherol 
gives triraethylqniaol, I, and heating with hydriodic add ^xylenol, 
11 Uobn d al., 1937). 



OH, OH, 

I n. 


When ooddised with chromic add, ^tocopherol gives the same 
lactone as that obtained from a-tocophcroL Thus the 

only difference between the two tocopherols is th^ the a-compound 
has one more methyl group in the benzene ring than the ^ ; hence 
the latter Is 



has been confirmed by synthesis, starting from the monoacetate 
of ^xjdoquinol and phytyl bromide. 
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cHycoo(^ OT. m, 

jlnO, 


CH, 


HO 


. 0^1 


CH, 


'fJt OT, CH, 
^^CH,>,-CH-(CH,),-Ah-(CHO,-CH(CH,), 


§17. y-Tocopherol, CBH 4 jOt. This is isomeric with j^toco- 
pherol ; the only difference is the positions of the two methyl 
groups in the benzene ring, e,g., when heated with hydriodic odd, 
y-tocopherol gives o-zyloqufnol Thus y-tocopherol is 



This structure has been confinned by synthesis, starting from the 
monoacetate of i>-xyl(xpiinol and pbytyj bromide. 



§18. 5-Tocopherol, Ct7H4,0^ This waa Isolated from soyabean 
oil by Stem ei al. (1047) ; it is a yellow oil, and is inactive physio- 
logically. The structure of d-tooopherol is 
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VITAMIN K GROUP 

519 . Introduction. Dam rt al. (1030) and Doisy d al. (1039) 
isolated vitamin K from alfalfa, and called it \'itamln Kj to dis- 
tinguish it from a substance calkd vitamin K, which had been 
isolated from putrcDcd fish meal by Doisy d al, (1039). Both arc 
antiharoorrhagic \'itamlna ; they arc connected with the enzymes 
m\T3l\*ed in blood dotting, a dc6dcncy of them lengthening tlie 
time of bbod dotting, 

pO. Vitamin Kj («-phyUoqulnonc), Is a light yellow 

oil. The redox potential of vitamin K, is \'CTy similar to that of 
l:4-qtilnoncs (Karrer d at., 1939), and its absorption spectrum Is 
\Try similar to that of 2:3-dlsubstitutcd l:4-naphthaquinone3 (McKee 
et d., 1039). Thus Ndtomin Kj appears to be a l:4-naphthaquinonQ 
dcrivati\'e, and this is in keeping with the fact that the ^tomin 
is \‘try sensitive to light and to alkalis. Now the catalytic hydro- 
gerration of vitamin Kj causes the addition of four molecules of 
hydrogen (McKee d al., 1930) ; the product is a colourless com- 
pound, Since it Is kmowTi that three molecules of hydrogen arc 
added when l:4-naphtliaquinooo Is reduced under these conditions, 
addition of a fourth molecule of hydrogen to the vitamin suggests 
the presence of an cthylcnlc double bond in a slde-diain. 



subjected to Twluctl\’c occtylation (iV., acctylatcd under 
reducing conditions), \'itamln K, is converted into the dlacctatc 
of dih>-Uro\>ilamm K, (Binkley d al,. 1930). This dlacctatc is 
difhcult to hydrol}*$c ; this Is a property characteristic of 2:3- 
l:4-naphtlmquinoncs. WTien oxidised with chromk 
'itamin Kj gives phthalic add, but when the oxidation is 
carr^ out imder controlled conditions, the product b a compound 
'ith the molecular formula This latter compound was 

shou-n to be 2-me(liyM:4-naph(liaqulnonc-3-.acelic 
(Hinkley d al. 1039). 
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Thus the pretence of the 1 :4rnaphth aqu hione s tructur e is fyinfrrmm 5 ^ 
and at the same time these products show that one ring is uu- 
substituted and that the other (the quinonoid ring) has substitueoti 
in the 2- and 3-positlons. 

When the diacetate of dlhydrovitainin Kj (sec above) was sub- 
jected to ozonolysis, a compound Ci,H„0 was obtained^ which 
was then shown to be identical with the ketone produced by the 
oxidation of phytol (McKee et td., 1930 ; Smith's synthesis of 
a-tocopherol, §1^. Hence, on the evidence obtained abo^, vitamin 
K, is 2-methyb^phytyl-l:4-naphthaqainone. 



This structure has been confirmed by synthesis : Almqnkt ei tl. 
(1930) obtained vitamin K| by condensing 2-methyH:4-naphtha' 
quinone with phytol ; Fleser et aJ. (1030) obtained a better yield 
1^ heating 2-methyl-l;4-iiaphthaqumoJ with phytol in dioian soJn- 
tion in the presence of anhjrdrous oxalic add, and then ox i disi ng 
the product, dihydrovitamin Kj, with silver oxide in ether. 
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IVcnd/cr et al. (1054) Iiavc obtained Wtoraln Kj in good jaeld 
5y condensing the 1-acctyl deriv-nti'T of 2-methyl-l r4-naphthaquinol 
"ith pljylol in (he prescnco of boron trifluoridc, 

pi. \ntnmln K|iC4iH„0,, is a ycUow EoUd, m.p. 54“ ; it bless 
potent Uian vntamin Kj. It was sho^'ii to contain a l:4-naphtha* 
fpibone nodeiu by the facts that it bscnsitlw to light and to dkalis, 
find that it ha* an absorption spectrum siraflar to that of \'itamin K, 
(^tcKec ei al., 1030). \\Ticn cataljlically reduced, \’ltamin K, adds 
^ nine molecules of hydrogen, and sina: three of these arc absorbed 
Y the ruphthaquinone nucleus (see §20), it therefore suggests that 
is a fidc-chain present which contains six double bonds. 
‘■UTthcTTnore. since ^*itamin K, docs not form an adduct with 
*^1“^ anhydride, no conjugation fa present (McKee rf al., 1039). 
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That these six double bonds aie cthylfmic is shown by the fact 
that on reductive acetylation, vitamin K| forms the diacctato of 
dihjrlrovitaimn K,, which can add on six molecules of bromine. 

The oxidation of vitamin K ^ with permanganate produces phthalic 
add; therefore one ring is nnsohititnted. On the other hand, 
when oxone is passed Into a solution of vitamin K* in acetic add, 
and the product then treated with rinc dost in ether, l:4-dUcctoxy- 
2-methylnaphthalene-3-acetaldehyde is produced. At the same 
time there is obtained hevulalddiyde in a yield of 93 per cent 
calculated on the basis that one molecule of vitamin K| can produce 
five molecules of the aldeh3fde. 


CaHuPi 


Acetone ia also formed In this reaction, and is obtained in a yield 
of 66 per cent based on the assmnption that one molecule of acetone 
is produced from one molecule of vitamin K| (McKee d of., IWO). 
On this evidence, it has been suggested that vitamin K, is i- 
difarne^l-2-niethyH;4"naphthaquinone (Binkley d of., 1040). 




Other compoands possessing entituemorriiaglc pro- 
perties. It has been shown that simple l:4-naphthaquiDones ha\’e 
blood-dotting properties. 2-Methyl-l;4-naphthaqnmone ia more 
active than either vitamin Kj or K* (Femhole d al,, 1939) ; It fa 
therefore used lTi«ti>fld of the natural vitamins. Phihiocol (5- 
hydroxy-2-methyl-l:4'naphthaquirume) fa also an active compotmd, 
and Is water-soluble. It Is also interesting to note that many 
quinones other than l:4-naphthaquinone5 have also been found to 
be active, some ^benzoqumoncs. 
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CHAPTER XVni 


CHEMOTHERAPY 

§1. Introduction. The itrm .ditnoOurapy was introduced by 
Ehrlich (1909), and it now appcaiB to be used in the sense of the 
tr ea tmen t of diseases doe to bacterial invasion by chemical' com- 
pounds which destroy the micro-organisms without affecting, to 
any material extent, the tissues (of the host). Many compounds, 
e^., formaldehyde, phenol, iodine, etc., are also active in destroying 
bacteria. These compounds, however, are applied exUmaUy, and 
tend to destroy the tissues ; thus they are not induded under the 
heading of therapentic agents, but are known as iitinfecianis. 
The first compounds to bo used by Ehrhch (1907) were organic 
dyes. From then onwards, organic compounds of diverse chemical 
structures have been used In chemotherapy. It has now been 
found that a given compound b specific in, its toxidty towards 
a particular micro-orgnnbm. The relationship between chemical 
structure and chemotherapeutic action is extremely complicated, 
but some p rogress has bem made in this field. 

Compounds which exert various physiological effects of thera- 
peutic value are collectively known as drup. The ideal require- 
ment of a drug is that, on administration (to the host), it should 
bo localised at the site where it is required. In practice, however, 
no drug behaves in this way, but tends to distribute itself anywhere 
in the tissues of the host. Another difficulty is that cells, which 
were originally susceptible to a particular drug, may acquire a 
tolerance (resistance) to that drug. In some cases it has been 
found that the drug actually reverses its original action, ij., it 
stimulates the cell instead of inhibiting it 
There have been three approaches to the problem of findin g a 
drug to combat a particular disease : — 

(i) The method of trial and error. This involves the trial of 
all kinds of compounds, natural and synthetic, 

(H) The method requiring a knowledge of the cell system, and 
then synthesising componii^ which interfere with it 

(iii) The method in which one starts with a compound known to 
have some of the required activity (this Infonnation has been gained 
from the previous methods), and then to vary the structure of the 
molecule s y st em atically. This method has, so far, proved to be 
the most fnritfuL 
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$3. Solphonamldes. Solpbantlamlde (^-^minobeiixencsul' 
pbonamlde) and its derivatives have great antibacterial powers ; 
sulphanilamide itself is widely used in medicine egainst “ coed 
infections ” — streptocoed, gonocoed and pneumococci. Research 
in the sulphonamlde field was stimulate by the discovery of 
Bomagt (1034) that prontosQ {see below) had a curative cflcct 
when injected into mice infected with stieptococcL 
The system of n umb ering is as follows : substituents of the Eiralde 
group of sulphanflamide are called N^-substituents, and substituents 
of the amino group are called N*-substituents. 




milphAailiuaide 

Sulphanilamide may be prepared from wxtanDide : 


OH,-00-NH 


CH,‘00-NH 


Sulphapyridlne {N t-2-pyridy Isnl ph a n 0 a m I d e) vras the first drug 
to effect cures of pneumonia ; it is more potent than sulphanilamide. 
It may be prepared as foUowi : 


0H,-CX)-NH 


0H,'C0-NH 


^^8 


This compound was introduced under the trade namp of Af and B 093. 
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Sulphathlasole (//^S-thiarolylsulphanikniide) is more potent 
than Sulpkapyridina and less toxic ; it is used mainly in severe 
infections. It is prepared in the same way as Sulpkapyridim 

NH, O SOpNH 

except that 2-aniinothlaEole is used instead of 2-amlnopyridine. 

Sulphadiaxine (N^2-pyrnmdyistilphanilamide ; Sidphapyrimi- 
dine) is less Unde than SuipMaiJnasoU ; it is the most widefy used 
of the " sulpha ” drugs, its main use being for mild infectio^ It 
is prepared in the same way as the previous compound, except that 
2-amInopyrimidlne is used in this case. 




iyu/p/wmeM//iln€(^/’-2(4--6-dimethylpyTiiiridyi)-5ulphanilainide) 
is also used for genei^ purposes. 

SulphaguanUiine, since it is only slightly absorbed in the m* 
testinal tract, can therefore be given in relatively large doses in 
the treatment of bndllnry dysentery. 



Prontotil (A-<n1 phn nnmifIf>-y*4*- diamin nainhgnifinc) WHS the 
first sulphonamide to be nsed in medidne. It is prepared by 
diazotising sulphanllamide and then conpling with m-phenylcne~ 

dtATnirv*- 


+ - 

NH, 
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It was suggested that Pnntosil broke down in the body to sid- 
phanilamldo ; this led to the discovery that the latter compound 
is ^•cTy actiw against bacteria. 

Prontosil S is more soluble than Proniosil. 


CJIyOONH 




Mechanism of action of the salphonamldes. It appears that 
the antibacterial activity of the Bulphonamides is associated \vith 
the group 

KBf <^^^ 60 , 

Some compounds containing alight variations from this structure 
arc also o^ve, c^.. 


OHyOO'NH 


"O 


BO,H 


Compounds in which the amino group is ortho or mda to the sul- 
phonamido group are either less active or completely inactive. 

^Aminobeurolc add is an essential g row t h factor for most 
bacteria susceptible to the sulphonamides. The theory of action 
is that, owing to the sirailarity in Etructure, bacteria absorb a 
fulphonamide " by mistake ”, and once this corapoimd is ingested, 
the bacteria cease to grow In numbers (Woods, 1&40). Thus the 
sulphonamides are not bacteriddal but bacteriostatia 


f3. Antlmalariala. Quinine (§2Cb, XIV) was originally the 
only drug known to be cflcctivc against malaria. Now there is 
a number of synthetic compounds used for this purpose, t.g., 
riumotfuin, Mepacrine, Proguanil, 

Plasmoquin {Pamaquin) is 8-(4'-dicthjiamino-l'-mcthylbutyl- 
anuno)«g-mcthoxj'qumolinc. One preparation that has been de- 
^*bcd for this compound is the condensation between 4-bromo-l- 
^Ihylaminopcntane and 8-aminO'6-mcthoxy'qulnollnc, the latter 
Wng prepared from 4-amlncK3-mlroaiusolc by means of the Skraup 
sjulheiis (see VoL I). 
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Mepacrine (AUbrin, Quinacritu) is 2<hlon>-6^4'-<iiethyiainiiio- 
l'-methyIlratylaimno)-7-fflethaxyacridine. It is better than quhrine, 
and it has prepared as follows : 

(i) [GHj-OO-aH-COiajH*]" Na*+ C10H,-CH,-N(0,H^ ^ 
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I- GH,-(pi-(CH Ji-N{C3,H,), 
NH, 




MePacrine has certain unpleasant side-eflects (such as producing 
a j*eliovr cokrar in the skin, nausea, etc.), and a drug superior to 
both quinine and Mepacrine is Chloroquinc {AraJen), 


nh-6h{0H,vJ'’(CVH^ 


^ N ChloToquine 

Prof;uanU {Paludrinx) is N*«j&‘ChloTOphenyl*N*-tiopropyl- 
digoanide. It is superior to id<P<urine and ChJoroquine, and 
appears to be the bot anti-malaiial known at the present time. 


§4. Araenical drugs. A particulariy important use of arsenicai 
drugs is in the treatment of syphilis. 

Ajsphennmlne {Salvanan, “ 605 ") was first introduced by 
Ehihch (1000) ; it b 3‘.3'-dianiino-4:4'-<iihydroxyarsenobcn2ene, 
and may be prepared as follows: 

NH, OH OH 
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56. The penlcfllins. PenidUin is the name given to the imiture 
of natxiral corapoonds ba\Tng the molecular formula C^uO^N^R, 
and differing only in the nature of R. There are at least five 


natural penidllins. 

CbcmkaU Name 

Other Kunes | K 

Pent-2-enylpenidIlin 

BeoxripcotcQUn 

^HydfOTybenxvIpettldlHn 

■-HeptylpenicOlin 

■-Amylpexiidllin 

1 

PenkHUn-I or P < — CH,-CH-CH*CH,-CH, 

Perdcfllia-ll or G I — CH,*C,H, 

Penkfflin-in or X ' — 

PenldTUn-K ; -^dlOi-CH, 

Dihydro-F- — (CH,) 4 *CH, 

p^cfPtn 


Commercial preparations of penidllm contain one or more of the 
penicillins in varying proportions. It ha* been found that the 
addition to the culture medium of various compounds containing 
a beniyl group, phenytacetic add, phenyUcetamide, etc,, 
increases the total yield of penicillin, and also the proportion of 
bcraylpenidllirL Similarly, the addition of compounds contahjing 
the ^hydroxybeniyl group to the culture medium increases the 
proportion of ^hydroxybenrylpeDkallin, On the other hand, by 
adding various compounds to the culture mediam, a number of 

urmatural “ penicillins have been prepared. 

56a. Structure of the penicillins. The penicillins are all strong 
monobaric adds, e.g., they form salts. The penicillins are hydro- 
Ij’sed by hot dilute inorg^c adds ; one carbon atom is eliminated 
as carbon dioxide, and tu-o products arc obtained in equimolecnlar 
amounts, one being an amine, pentciUamins, and the other an 
aldeh^e, pcnShaJdihyde. All the penidllins give the same amine, 
but different aldehydes ; it is the latter which contain the R group. 

C,HuO,N,SR + 2H,0 -2^1* CO, + C,H„0,KS + C,H,0,NR 

i^Penldllamtne, CjHuO^S. Since penicillamine gives the 
mdigo cokmr reaction with ferric diloride, a test characteristic of 
cysteine, this suggests that the amine is probably a substituted 
cy'Mtine. The structure o! penldDanune was proved to be 
donethjr’lcystdne by synthesis, 
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lU + OH^-0001 

NHi NH-OO-CH^ 

DL-TtUue 




"IT- 

V/ 


(OHi),o-yi 


OOjH 


axlAotono 



tMu oils 9-4 •c^rboxTllo 
&dd 


OT-COjH 

NiH*OO*0Hj (HJpyrtSo# 


m Nlli 
OL'penloOlAmiito 


The racemic amine was resolved as foUcrws : the amine was con* 
verted into the fo rmy l derivative, which was then resolved by means 
of brudne. D-PenidHamine was obtained after removal of the 
fonnyi group by hydrolysis. 

(CHJ,C— CH-CO,H (CHJ,C— CH-CO,H 

II II 

SH NH, SH NHCHO 

DL-form DL-fonn 

{CHJ,C— CH*CO,H 

I 1 

. SH NH, 

D-pcnicfllamine 

This was found to be identical with the natural penicSlaraine. 

When treated with diazomethane, penicillin is converted into its 
methyl ester and this, on treatment with an aqueous solution of 
mercuric chloride, gives the methyl eater of penlcHlaniine. Thus 
the carboxyl group in penicillamine is the caiboj^l group in 
penicdUin itself. 
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Penllloaldehydc. On vigorons hydrolysis, aH the peniUcn 
aldehydes give a substituted acetic add and aminoacetaldehyde. 
Thus the penflloaldehydes are acylated derivatives of aminoacet- 
aldehj’de. 

R*CO*NH-CH,-CHO + H,0 R*CO^ + NH,-CH,-CHO 
This tUuctm e has been confirmed by synthesia : 

R-COa + NH,*CH,-CH(OC^,),-*- 

R-CO’NH-CH,-CH(OC,H,), R-CO-NH-CH,-CHO 
As pointed out above, the add h 3 rdrolyris of penicillin gives 
penicillamine, penilloaldehyde and carbon dioxide. The fonnatlon 
of this molecule of carbon dioxide gave rise to the belief that it 
is formed by the ready decarboxylation of an nnstable add. Such 
an add is a ^keto-add, and so a possible explanation is that 
peniHoaldehyde-carboxylic add (penaldlc add) is formed as an 
intermediate in the bydrolyEis of penicillin (see also below) : 
R-CONH-CH-CHO -► CO, + R*CO*NH*CH,-CHO 
[ 

CO,H 
penaldlc add 

The problem now is : How are the two fragments, penicillamine 
and pciilloaldehyde, combined in penidllin ? The hydrolysis of 
pcnkillin with dilate alkali or with the enryrae penidHinase produces 
Pen iciU oic add (a dicarboxylic add), which readily eliminates a 
molecule of carbon dioxide to form pcmUoic acid. This snggests 
that a carboxyl group Is in the ^position with respect to a negative 
group [cf. above). PenlDoic add, on h 5 rdrolyais ^th aqneous mer- 
curic chloride, gives peniefflamine and penilloaldehyde. This hydro- 
lysis is characteristic of compmmds containing a thiaxolidine ring 
[(f- Jfib. XII). Thus penUloic add could be I, since this structure 
■'^uld give the required products. 


/S. R-OO'NH-OHj’CHO 

in— in-cOiH ^C(OHd, 

I BiR-OH-COiH 

Hence, if I fa penllloic add, then penidlloic add would be IT. 



R'CONH 


CO, + I 
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This structure (U) is supported by the fact that tlie treatment of 
penidflin ^v^th methanol gives methyl penidlloate which, on hydro- 
lysH with aqueous merctmc chloride, gives methyl penaldate (see 
also above) and pcnldUainiiie. 


PonldlUn 


R-OO-NH-QH- 

GH,0,i 




pOH,)! 
iilt— 0H-OO,H 


H|0 

HfO, 


iOjOH, h,N- 


R-OO-NH OH OHO 


co,s 


On the basis of the foregoing evidence, two structures are possible 
for pgnidliin, trir., HI and IV. 



oz&xolooe atruetore p-laotAxa atroeton 


It was not possible to dedde between these two on chemical evi- 
dence alone, since penidllin readily undergoes molecular rearrange- 
ments, on treatment with dllote add, penidllin rearranges to 
penillic add. It was therefore necesary to examine the molecule 
by physical methods (thereby leaving the molecule intact). 

^ Infra-red spectra studies showed the presence of two double 
bonds ; these were exclusive of the C»"0 group in the carboxyl 
group In pcnicUliiL The examination of the Jnfra-red spectra of 
a number of oxaxoloues (these contain two double bonds, G-O 
and C«=iN) showed that this ring structure could not account for 
the absorption maxima obtained for penidllin. Thus structure HI 
is untenable. On the other hand, it was found from an examination 


oxaxolone 

of the spectra of a number of amides that an amide structure conld 
account for the spectrum of penldUin ; . thus IV is the probable 
structure of pent dlUn. 

(ii) The X-ray anatysis of the sodium, potassium and rubidium 
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salts of bauylpenidlUn showed the presence of a ^lactam ring ; 
thus rv is the structure of pcnicfllin* 

Using this structure, wo can now formulate the chemical reactions 
described above. 

no,G-CTi — 

N Ji CH-COjH 

1 

penlUlo add 

00 K CHCOiH 

penlCUU. 

n-CO-NH- OH’ ip 

oH,o,i w[ — cm-co,n 

methyl penWlIoate 


n- 00-NH’ oir— 

Ho,i Nil — oii-co,n 

penlcIDoio add 

J-co. 

NH — OH-OOiH 
penllloio add 

|HKi-ilra, 

R'00-NH-CH,-CHO + 1C(C2I,), 

h,n-Ah-oo,h 

peoidllamiDe 


R’CO'HH-CIf’CIfO 

I 

CO, on, 
methyl penaldate 
+ 

n,N’OH-oo,n 

peoidUaiaiDe 


P^cillin has been synthesised by condensing synthetic i>-pemcil- 
with a suitably substituted oxazolone containing a potential 
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[CH. xvui 




GHOR' 


Rr“0|H|‘0H|' 

R«0H, 


|7. Streptomycin. Streptomycin was isolated by Waksman 
a al. (1044) from cultures of Str^ftomyus grisw. This antibiotic 
is very efi^ve in the treatment of tuberculosis, meningitis and 
pneumonia, Streptomydn is a solid with a hevorotation, and its 
structure has been shown to be composed of the three units streptose, 
I, ^^•rocthyI-^glttCCEJamme, 11, and strcptldine, IIL 


,OH 

on 


n m 

The following is a very brief account of the evidence that led 
to this str u ct ur e for str^tomydn. The molecular fomrala was 
shown to be Three nitrogen atoms are strongly 

basic (the roolec^ forms a trih}'drochIoTidc), and on mild add 
hydrolysis, streptomycin gives one molecule of strcptidinc, 
C,Hu 04 N*, and one molecule of streptobiosamine, CnH„0»N 
(Folkers ei el., 1045). 

Streptldlne (unit III), on oxidation with potamum perman- 
ganate, gave two rookenies of guanidine (Peck d al., 1040) ; thus 
two guanido groups arc present in strepUdinc. Strcptidinc, on 
alkaline hydrolj'sb, gave atreptamlne and ammonia (Brink d d., 



ctrepiatnlne 
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1045). Streptomine ^\’aa shown to be a diaininotetnihydrDxycycZo- 
hexane, and examination of the oxidation products of dibenroyl- 
streptaminc with periodic add led to the suggestion that strcpti- 
dine is l:3-diguanido-2:4:6:6-tetrtthydro:^t>tiohexane (Carter et al., 
1040) . Streptidinc has been synthesised from streptamine (W olfrora 
a al., 1948). Since streptidinc is not optically active, the con- 
figuration of the molecule must be rmto, with the two guanido 
groups ctj (see unit III). 

N-Mcthyl-L-ftluco»amlne (unit II). When streptomydn is 
treated with methanolic hydr^en chloride (methanolysis), and 
ttirn subjected to add hy^lyiis followed by acetylation, the 
penta-acelate of JZ-mcthyl-L-glucosamine is obtained ; the parent 
compound is obtained by hydrolysis. The stmeture of ^-raethyl- 
L-glucosamine was confinned by synthesis from L»arablnose (Kuchl 
d al,, 1046. 1047). 

Streptose (unit I). The streptose fragment has not been iso- 
lated from streptomycin by degradation. It appears to be too 
unstable, but its structure was cluddated by various degradative 
experiments, t.g., the alkaline hydrolysis of streptomycin gives 



m&Itol 

inaltol (Schcnck ei al., 1045), and this is produced by the con- 
version of a Jitranotc ring into y-pyrone. 

Streptoblosamlne (units I and II). Analytical work showed 
that this compound was a disaccharide, and from it ^vas isolated 
7*r-methyl-L-glucosamine (see above). The formation of maltol and 
other analytical wrk led to the structure (I -f- IT) for streptobios- 
amine, and then the points of attachment between streptoblosamine 
and streptidine were found, and so led to the structure given above 
for streptomydn (Kuehl d el., 1947, 1048). 

|7a. Aureomydn and Terramj^da. Aureomjdn was Isolated 
from cultures of Strepiomyut aureo/aciens, and is used in the treat- 
ment of typhdd fever, etc. Tmamydn was isolated from cultures 
of Strepiomyca rimctxi*, and is very eflective in the treatment of 
trachoma. The structures of these antibiotics are (Woodward d 
ai., 1052) : 
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Anreoinydn: R«01; 

. Tentunydn: R-H; 

§8« PatuUn* This has beea obtained from various moulds. It 
is an optically inactive solid, and it inhibits Staphylococci and 
coliforms. The molecolar formula of patulin is Cr,B.^O ^ ; it fa a 
neutral substance and fonns a moimacetate. Hydrolysis of patulin 
wth add produces one molecule of formic add and a small yield 
(10 per cent.) of tetrahydro-y~pyrone-2-carboxyUc add (I). Cata- 
lytic reduction foDowed by further reduction with hydrogen Iodide 
and red phospborus gives 2-methylh«dc add (TT) and the lactone 
of Wiydxoxy'2-methylhexnic acid (111) [Birkinsbaw et aI., 1W3]. 



I n m 


Woodward ei al. (1040, 1060) have synthesised patulin as follows : 



tetrahydro- moeondio 

y -pyrono CBtor 



laetol acetate 
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patuUn patnlin 

mono&oetotA 
(1-2% yield) 


The raonoacetate (obtained above) was shown to be identical with 
that obtained from patulim 

§9. Chloramphenicol (Chioromycetm). Oiloramphenicol is a 
IreWotatory compound that is produced by Streptomyc^ vfnattda 
(Carter d al., 1018) ; it is very effective in the treatment of typhoid 
fever, etc. 

The molecnlar formula of chloramphenicol is (^Hi,0,N,Q^, and 
its absorption spectrum is simitar to that of nitrobenzene. The 
presence of a nitro-^up was shown by the reduction of chlor- 
amphenicol with tin and hydrochloric add, followed by diazotisatlon 
and then coupling to give an orange-red predpitate with 2-naphthol 
(Rebstock d al., 1949). When catalytically reduced (palladium), 
chloramphenicol gives a product which has an absorption spectnun 
rimHar to that of /t-tohddlne, and the solution contains ionic 
chlorine. The hydrolysis of chloramphenicol with add or alkali 
produces dichloroacetic add and an optically active base, j ,0 f. 
This base was shown to contain a primary amino-group, and when 
treated with methyl dichloroacetate, the base reformed chloram- 
phenicol (Rebstock d al., 1949). 

Chloramphenicol is converted into a diacetyl derivative on treat- 
ment with acetic anhydride in pjuidine ; the base obtained from 
chloramphenicol forms a tiiacetyl derivative on rimilflr treatment 
Thus chloramphenicol probably contains two hydroxyl groups. 
When the base Is treat^ with periodic add, two molecules of the 
latter are consumed with the formation of one molecule eac h of 
ammonia, formaldehyde and ^nitrobcnzaldehyde. These products 
may be accounted for if the base is assumed to bo 2-amino-l-^ 
nitrophenylpropane-hS'diol (Rdwtock d al., 1949). 




NH, 

nno< 

cn,oii 


NO,^ ^OHO+OH^+NH, 



[CH. XVITl 
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Thus chloramphenicol will bo 


lOI'CCKJHOli 
NO,-^ _^aHOH-CH 

^OHiOH 


This stinctnre has been confirmed by synthesis, e.g,, that ol Long 
et al. (mO). 



COOIIjBr 


in(cn,uw4 

(b)MCl-C,))|Ci4l 



CO'Cn,‘NH/ 


(qn<oho 


NO,< 


OO-OHj-NH'CCKJn, 


MMCO,n* 


^ cnoit- 


< NH-COOHi 

„[:oU.CHq).A.„ 

onfiB 


,jraco<3H, 


-NO,' 


OHjOH 


yUn, 

cnon'Oii 


O y}JTl00'CH01| 
OHOH'OT 

NTH.on 


NiHtOn 

t-) >chlorttraphefiloo} 


This B lructiir e has also been confinned by crystollograriiic stndles 
(Dnnltt, 1062), 

Chloramphenicol and the tmso contain two asymmetric carbon 
atoms ; thus there are two possible pairs ot enantiomorphs, Cc^ 
parison of the properties of the base with those of norephedrine 
and noT-y^hedrine (§7. XIV) showed that the confignration of 
the base was shnilai to that of nor-ip-ephedrlne (Rebstock 
1&49). Thus chloramphenicol b i>-(— .)-iAr#o-2-dlchloroacetamido- 
l-^nitrophenylpropane-LS^oL 


NO, 


F 'OO'OHOI, 
H,OH 


It is interesting to note that chloraraphenicol is the first natural 
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compound found to contain a nitro-group ; the presence of the 
CHQi group is also most unusnaL 
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HEMOGLOBIN, CHLOROPHYLL AND 
PHTHAIjOCYANINES 

§1. Introdaction. Two o( tbe most iraportant componuds of 
tlie natund porphyrins are hflemt^bm and chlorophylL The bile 
pigments, which are formed mainly in the liver, are degradation 
products of hficmoglobiru Hcerooglobin and chlorophyll act as 
catalysts (biological) in many biological processes. 


HiEMOGLOBIN 

§3. Degradation prodocts of hemoglobin. Hannoglobin 
occQxs in the red blo<^ corpuscles of mammaH, It is a chromo> 
protein (57 B. XIII), the protein part being gUAin (94 per cent), 
and the prosthetic gr oup b^g (6 per cent). The compositicm 
of hfiemc^lobin varies shghtly, depez^ng on the animal tpedes 
from which it is isolated ; the vai^tion occurs only in the ^obia 
part of the molecule. It It interesting to note that homoglobin 
was the first protein to be obtained in a crystalline form. 

In the animal body, hmnogloWn readily combines with oxygen 
to form oxyhiemo^obin, and this, when treated with glacial acetic 
add, forms fcwna/m. CMH,/) 4 N 4 Fe™OH. The chloride of h*ma- 
tin islmown as Airw«» ; its molecular formula is C 44 H|/) 4 N|Pc^^ 
(the ddotlnc is kmised, and the iron atom is In the ferric state). 
Hffimin may be prepared by warming blood with acetic add and 
sodium chtoride (Tdchmann, 18AS). The iron can be removed 
from hjemin, and replaced- The iron-free compounds are known 
as porphyrin*, and the iron-containing compounds as fums i tbe 
nature of the porphyrin depends on the conditions which ore i»ed 
to remove the irra atom from harmin. When h s emm is reduced 
with todium hyposulphite, the base is produced in which the 
atom of iron is in the bivalent state ; the molecular formula of 
hfcm Is Cj 4 H 4 , 04 N 4 Fe. 

Since hte^n forms a diester with methanci, the molecule therefore 
contains two carboxyl groups. Alio, since hianfn absorbs two 
molecules of hydrogen when catatytkalfy reduced (paHadiran), two 
ethylenic double bonds are thus parobably present fai the molecule. 

770 
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§2] H^OCLODIN, CHLOROPHYLL, PHTHALOCYANTNBS 

When subjected to vigorous redaction with hydriodic acid and 
pbosphonium iodide or hydriodic add and acetic add, hamm is 
degraded into the four pyrrole derivatives opsopyrrole, I, haemo- 
pyrrole, U, ayptopyrrole, III, and phyliopjrrole, IV. 



opsopyrrole hcmopTrrolo ^nTplopyrrole phyllopyrrole 

I n • in rv 


All four compounds have been synthesised by means of the Knorr 
pyrrole synthesis (1884, 1836) : this is the condensation between 
on a-aminoketono and a ketone containing an active methylene 
group, a corapxrand containing the group — CH,*CO — . The 
mechanism of the reaction is not known ; possibly the eno! forms 
arc involved, and so we may write the genaal reaction as follows : 


R-CO H,0R' 

K-m * i-R" 

'NH, 0 ^ 



Y 


■R" 


SH.O 


A detailed stndy of this reaction has shown that the yields depend 
on the nature of R, R', R" and R'" ; when R' and R" are acyl 
or caibalkoryl groups, the yields are usually very good. As ex- 
amples of the Knorr syntb^, let us consider the preparation of 
opsopyrrole (I) and cryptopyrrole (III). Opsopyrrole may be syn- 
thesbed by condensing amincacctone with ethyl 2:4-diketopent- 
anoate, and then subjecting the product to ^e WoliT-Kiriinef 
reduction, i^., first converting the product into the hydrarone and 
then heating the btter with sodlnm cthoxido at 100“. By this 
means a koto group is conx'crted into a methylene group (see also 
VoL I). By using aq excess of sodium ethoxide, decarboxylation 
fa oho elTectcd at the same time. 
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^.-CO-CH, 
CH, COCOiOjH, 


[CH. XK 
HQ'COiSHj 


C,H|ON« 


CHa-OOH 

(in ^-cOiCjH, 

TW, HO 


OHijj nCCKSH, m.h, ®ij] 

lcO,C,H, ^ ll^COAH, 


nOHt OR , CH.OI.. 

CO,C,H, “* 


lOHi'CiHa 


opsop^'iTole 


Cryptopyrrole may be prepared in a similar manner, ttarting 
from ethyl «-aminoacetoacctatc and acetylacetone (penta-2:4-dicine). 


CHj’CO G5,-C0*CH» ^ HO-OO'CH* 

C,H,0,oiH io-OH, 0,H,0,0-I JMH, 

'TO. mr 


Tffl, 

OHjtj nOO-CHt tn ii,H. 


{H)C|H4Cm« at W* 


''HH, Hcr 
CHjjj nOH,-OH) 

H 

cryptopymrfe 


When reduced with tin and hydroddoric add, hemin a again 
degraded into four pyrrole derivatives, but in this case the prodocto 
are all carboxylic adds in which each of the four pyrroles I-IV 
contains a carbcctyl gronp attached to the ethyl group: 



opsopyiTole- 
Qaiboxylie aeld 
V 


GHj 11 CH|‘CH|'CO|H 


h miu op yrn tle- 
carboxyllo »dd 
VI 
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dHjff nCHi*ClHi*CO|H 


OH,* 


I OH, 


cryptnpymJft- 
carboxylic add 

vn 


phyllopytrole- 
caiboxyUe acid 

vm 


When oxidised with chromic add, hgmin gives two molecnles of 
h^matinic add (IX). On the other hand, maoporphyrin (see below) 
gives, on oxidation, two molecnles of ethylnwtbylmaleimide (X). 

•0H,-0O,H 

H 

biematinle add athylmethylmaldjnlda 

DC X 

The treatment of luemin with iron dost and formic add resolts 
in the removal of the iron atom and the formation of protoporphyrin, 
^^^ 04 X 4 . The iron atom Is also removed from hamln by the 
action of hydrobromic add in acetic add, but in this case the 
product is hsnaioporpkyrin, If, however, hamin is 

treated with hydriodic add in acetic add, the iron atom is again 
removed and maoporpkyrin, C, 4 H„ 04 N 4 , is obtained. 

Finally, when porphyrins containing two carboxyl groups are 
decarboxyiated, the prodocts obtained (after reduction, if necessary) 
are known as mtioporphyrins, e.g., when protoporphyrin is decar- 
boxyiated, and the product then rcdnc^ the fin^ product is 
^ioporph^n, C,,H,^ 4 , which is also a degradation product of 
chlorophylL Thus hamln and chlorophyll are dosely related 
chemically. 

The table on page 780 fummarises the reactions that have been 
discussed. 

From the foregoing evidence (the molecular formula and the 
degradation prodocts of hjcrain), it is reasonable to infer that 
hwnin contains four substituted pyrrole nuclei linked together. 
The isolation of the pyrroles I-IV suggests that each of the four 
pyrrole nudd contains a methyl g ro up In the ^position. The 
isolation of the oxidation products IX and X (oxidation at the 
a-position), and of the reduction products I-VIII (appearance of 
a methyl group at the a-position), suggests that the pyrrole nudei 
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Ccoxtpooad 

Koaction j 

\ Frodacts 

HemogloblQ 

Oxy^a-HTwiglotriD 

1 Atmovpberic oddatlos 

1 CHi-COtH 

Oxytuemo^bin 

Hairrutin 

OxybJamc^bln 

CH,-CO,H + Naa I 


Hmiln 

N^SA 

HI + PHJ 1 

Hem 

HnnJa 

Opaopyrfoto, Hamopruulo, 
Cryptopyrrolo azid PhvDoiJTntila 

Hem In 

Sn— HQ 1 

OpaopyiTolo-, Hmuopyrrole-, 
uyptopymJo- and PhyUopyiTola- 
carboxylic adds 

Hrmin 

CrO,— H,SO, 1 

Hnsatlnic T^d 

MMopcaphyrln 

Hiemln 

CrOr-HlSO, 1 

Fo-^*CO^ ; 

Ethylmethylmalefmldo 

Protoporphyiln 

Hcmln 

Htcmin i 

HBr— CH,*CO,H 

HI— CH.*CO,H : 

Bjematopoqihyrin 

Mesoperphyri Q 

Porphyrin 

Decarbozylatkm 

^tioporphyrins 

(and thw ledoctloo. 



u aoceuaiy) 



are linked at the a-podticraa via one carbon atom. The isolation 
of two molecaJes of IX anggeats the presence of two propionic add 
residues each tn the /J-position of two pyrrole nudd (this would 
also account for the two carboxyl groups present in hainin). The 
appearance of ethyl groups in I-IV on the reduction of hamin 
could be explained by the presence of two vinyl groups in the 
/J-positlon of two pyrrole nudel (hamin contains two ethylenlc 
double bonds). A possible structure for hicmin is thus a ring 
structure containing four pyrrole nudel linked at the a-positions 
via one carbon atom, with four /^-positions occupied by methyl 
groups, two /^'-positions by vinyl groups, and the re ma i nin g two 
^-positions Ijy propionic odd residues. Kflster (1012) was the 
first to propose that the four pyrrole nadd formed a cyclic structure, 
and this has been proved correct by synthetic work ; the porphyrins 
so obtained had the same absorption spectra as the natural por- 
phyrins. At the same time, thh synthetic ^vo^k established the 
nature and the positions of the substituent groups. 

The parent substance of all the compounds mentioned above is 
porphin (XI), and this may conveniently be written as XII (H. 
Fischer). In this porphin molecnle there is an dghteen-membered 
ring containing a complete anangenient of conjugated double bonds. 
Thus many resonating structures contribute to this molecnle, and 
consequently its stability will be great ; this is observed In practice, 
e.g., the molecule has a very large heat of combustion. Also, the 
resonance gives rise to the colour in porphin derivatives (s« 
Ch. XXXI. Vol. I) ; porphin itself does not occur naturally. It 
has been shown, by analogy with the X-ray data on phthalocyanine* 
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potphla 

XI 


(§9). that the porphin molecule is planar, and this planar structure 
is also in agreement with magnetic measumuenta. 

The ajtkjporphyiins, CaiH,*N 4 , are derivatives of porphin in 
which the 3- and 4-pcsitions of each pyrrole nudens are substituted 
by methyl and ethyl groups. Four isomers are possible, and these 
are knoro as atioporphyrin I, 11, HI and IV, respectivdy, 



CjH, CH, CHj C,H| 

ctloporphyrlm 


AU four etiopoTphyTins ha\T5 been synthesised ; the degradation 
of hasmin gives atioporphyrin HI. 
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53. Synthesis of the porphyrins. The first step in the synthesis 
of porphyrins is the synthesh of the dipynylmethcnes. 

(i) Dipjrryknethenes may bo prepared by the brormaation of a 
Z-nicihyipyr^ *« wWcA position 6 is vacant (H, Focher, 1015) ; at 
least two products are obtained, cryptopyrrole gives compounds 
I and II. 



According to Corwin d •!. (1044), the patchanism of this reaction 
is : 



Br 


(ii) When pyrroles, in which the 5-position is vacant, are coupled 
by means of formic add in the presence of hydrobrortfic add, 
dipynyltnethenes are produced {H. Fischer d sL, 1922) ; 
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(iii) Piloty d al. (1014) showed that dipyrrylmethanes may be 
oxidised to the corresponding methenes by means of bromine, e.g., 



*-r-+ 

Br- 


H, Ftschcr d al. (1023) modified the above procedure aa follows, 
A dipyrrylmethanc containing caibethoxyl gronpe Nvas finrt pre- 
pared, this then hydrolysed and then treated with bromine in 
acetic add. In this way the methane derivative is oxidised to the 
methene compound, but at the same time the carboxyl groups in 
position 6'Ji' are replaced by bromine atoms, e^., 



(iv) The foregoing methods (except i) lead to the formation of 
•ynndncal dipyrryimethencs. The preparation of UHtymmdrical 
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§3. Synthesis of the porphyrins. The first step in the syntbais 
of porphyrins is the synthesis of the dipyrrylmethenes. 

(Q Dipyrrylmethenes may be prepared by the bromination of a 
2-meihylpyrToU in tfkich position 6 is vacant (H. Fischer, 1015) ; at 
least two products are obtained, cryptopyrrole gives compounds 
I and n. 



+ Br, 


^)f] 

IT 

tr Br" 


According to Corwin et aU (1044), the mechanism of this reaction 


is : 




0|H,fj pQHj 

CH: 

H 


C^H|| lOHa 
Br^ 


(ii) When pyrroles, in which the 5-poaitlon is vacant, are coupled 
by means of formic add in the presence of hydrobromlc add, 
dip 3 Trylmethenes are produced (H. Fischer ei aL, 1022) ; e.g^ 


5 ^ 
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(iii) Pikity d al. (1014) showed that dipyrrylmethtnes may be 
oxidised to the corresponding methenes by means of bromine, e.g., 



H, Fischer d al. (1023) modified the above procedure as foUows. 
A drpyrrylmethane containing carbethoxyl groups was first pre- 
pared, this then hydrolysed and then treated with bromine in 
acetic add. In this way the methane derivative is oxidised to the 
metbese compoimd, bat at the same time the carboxyl gronps in 
poshiofl 5:fi' are replaced by bromine atoms, 



methods (except i) lead to the formation of 
dipyrryimetheiies. The preparation of unsymmdncai 
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dipyrrylmethenes is htst carried out as follows, ming the Gatter- 
mann aldehyde synthesis (Pilo^ et al., 1912, 1914; H. Fischer 
et al., 1929) ; e^., 



Bp“ 


The dipyrrylmethenes are coloured solids. H. Fischer et tl. (1929) 
then prepared porphyrins by condensing two molecules of a dipjTryi- 
methene by heating with sucdnlc luad at 220*, ffitioporphyrin L 



0,11, GH, 
ctioporphjTin I 


Porphin itself was ^mthesbed by H. Fischer et aL (1935) by boiliBg 
pyrrole-2-aldehyde with fonnic add and ethanoL A later sj mthesis 
is by heating pyrrole with formaldehyde in the presence of a mixture 
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of methanol and pyridine (Rothemund, 1936, 1930 ; Calvin et al., 
1043). 



porphin 

It abotild be noted that the two imino hydrogen atoms are 
replaced by the iron atom in the luemj, and the iron atom is 
covalently bound. 

H- Synthesis of hmmin (H. Fisdier d al., 1920). 
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deutcrohtcmia 



d l&cetjId«ut«roluBTtii n 
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HBr 

CH,-CO|H 


KOH 

C|H|OH 


CII> C QOHa 
OH 


CH.n- 


'-111 

Y 




<jm, 

CO,H 


— I n T — ' 

* OH-Y 


OHa 

. CCKJH, 


9ii,l=Jcn3 


W,H 

dlaoetyldeu Uroporphyrin 




$ 4 ] 


H^OGLOBIN, CHLOEOPHYU., PHTHALOCYAlflHM 


789 



proujporphynn 



hicmin 


It ibotild be noted that the introductian of the Iron atom into 
dcnteroporphyrin to give deuterohfemlQ renders the pyrrole nnclei 
niore reactive. 
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§4a. BlosynthwU of porphyrin. The progress made in this 
field is one of the outstanding examples of the use of isotopes. 
Tracer syntheses in vivo and in viiro and degmdation methods 
have established the origin of all the carbon and nitrogen atooa 
in protoporphyrin (of hi^), and have also established the nature 
of the pyrrole precursors. These results are the outcome of a large 
volume of vrorlc, but in the following account only a irw ejcperi- 
ments have been mentioned. These indicate, to some extent, the 
lines of research punued. 

Bloch al. (1945), using acetic add labelled with deutero atoms, 
showed that deut^hsernin was produced. Thus at least the 
methyl carbon of acetic add I* involved in the biosyntlwsb of 
hsMn. Then Shemln d ai. (1960) and Neuberger d al. (1050) carried 
out experiments with ^*CH,*COjH and CH,**'CO,H, and allowed 
that hdh carbon atoms of acetate partidpate in the synthesis of 
ham. The latter authors also showed that with KIR,*CO^, 
about half of the radioactive tracer atom appeared in the two 
pyrrole nudd caitying the vinyl radicals, and the other half in 
the two pyrrole nude! carrying the propionic add residues. When, 
however, CH/*CO,H was used as the precursor, then about 20 per 
cent of the tracer atom appeared in the vinjd pyrrole nuclei and 
80 per cent- in the proplcdc add pyrrole nuclei. In neither case 
of iht labelled acetates was there any significant radioactivity in 
the methine carbon of the hsem. Thus the carbons of the methino 
bridge do not originate from acetate. 

Shemin d al. (1946, 1940) carried out expe^ents with pN] 
glydne, and ghow^ that aU the nitrogen atoms in ham are derived 
from glydne, Shemin d aL (1050) also used CHt*NH|***CO,R, 
and showed that the corboxjd group of giycine is not incorporated 
into protoporphyrin. On the other hand, Altman d el. (1948), 
using showed that the a-carbon atom of glydne 

is us45d in the protoporphyrin synthesis. TWs was confirmed by 
Shemin d el. (1950) who used and showed that 

for each jutrogen used for hsem synthesis, two a'carbon atoms of 
glydne were also incorporated into the molecule. Similar results 
were obtained by Ncub^er d al, (1950) who also showed that 
a*carbon atom of glydne is used in the fonamtion of the methine 
bridge. Thus all the carbon atoms of protoporphyrin, except eight 
derived from the a-carbon of glydne, originate from acetate. 
Furthermore, a detailed study of the degradation products of the 
labelled protoporphyrins showed that it was very prob^Ie that 
the two sides of the pyrrole nucid were synthesised from identical 
intermediates- It also seemed very reamnable that a common 
pyrrole of the type I was fonned first. Also, consideration of the 
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I n 


distribution of the radioacti\'ity of the carbon atoms of the pro- 
picmlc acid residue and the (pyrrole) nuclear carbon to which it 
was attached led to the suggestion that succinic add was a pre- 
cursor, and that two molecules of this, on condensation with one 
molecule of i^ydne, could form the common pyrrole (I), The 
tracer distribution of the labelled succinic add could arise by 
acetate entering the Krebs cycle (§18. Xni). Two molecules of 


OHj-COjH 

+ 

OHj-COjH 

co-caii 

il 

ir 

OHgOOjH 

CTIj-COaH 


OHjCO,n 

l^H 

?^oo,n 

ClIjOOjII 


E COJI 
t * COj 

jCOjH 


'* acth'c " Rucdnato (sucdnyl-coenxyme A) and one of gljxine 
then forms the common precursor (sco II). Shemin ei aJ. (10o2) 
tested this sucdnic add hypothesis by ndng >*CO,H’CH,*CH, ***00,11 
CO,H**‘CH,**‘CH,*CO,H, and showed that hmm contained the 
hibehed carbon. 

In 1052, Wcstall Isolated porphobilinogen from the urine of 
humans suffering from acute porphyria. Based on this, Shemin 
ri d. (1033) now proposed that d-Mninolarvnlic add can replace 
active *’ suednate and glj*dnc in porph>Tin sj-ntbesis : 




porphoblUnogcn 


^protoporphyrin 
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This pyrrole synthesis is supported by various experiments, e.g., 
Shemin et el. (1964) used [^K^aminohcvullc add as preonsor, 
and showed that half of the radioactivity is equally distributed 
among the four p y rr o le nudei and the other half is in the mcthine- 
bridge carbons. This distribution Is in agreement with the equation 
given. Furthermore, Falk d al. (1963) have shown that porpho- 
bilinogen is the common prec ur sor in porphyrin synthesis. 

The problem of the converaion of porphobilinogen into proto- 
porphyrin has still to be duddated. Decarboxylation of the acetic 
add radicals would produce the methyl radicals (in protoporphyrin). 
The conversion of the propionic add residnes into vinyl radkais 
takes place by a series of steps ; a possibility is : 

— CH,*CH,<X),H -► — CH=CH-CO,H -v — CH=CH, 

{5, BUq pi^menta. Several plgmanti occur in bDe, biUrDbin, 
mesoblllmbtn, etc, ; the most Important one li bilirubin, 

On vigorooi oddatlon, UUmbhi pvet bzmfttinlc add ; and on vigonms 
reduction, it giv e s cry ptop yr rote and cryptopyrrolecaibaiylic add. 
When catalyttoJIy reduced, bfUrubln gives meso bilirubin, CuHoOiN*, 
■which, on reduction with hydriodlc add In acetic add, forms, amoog 
other products. bUirubic add. CitHmOsN^ and neobiliml^ add, 
CnHtjO|N,. Finally, the reduction of bfllnjbic add gives crypto- 
pyrn^ecarboxylic add as the main product, and the redoetkn of 
neobiliniblc add gives tuemopyrrolecaxbozylic add. Freon this evi- 
dence It is reasonable to conclude that bOirubin contains the four pyrrole 
nuclei that occur in hamoglobin. Furthermore, there is much evidfiDce 
to show that bilirubin is a degradation produ c t of haemoglobin. 
Since the absorption spectrum of bUliubin Is not like that of a 
porphyrin, it Is assumed that bilirubin has an optn-ckMin structure. 
Further degradativo and synthetic work has shown that bilirubin 
probably the following structure. 



bOirubin 
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|6. Introduction. ChlorophyU Is the green colouring matter ol 
leaves and green stems, and its presence is essential for photo- 
synthesis. Photosjmthesis is the process in which light energy is 
used by plants to timtheslsc carbohydrates, proteins and tats. In 
green plants it is the chlorophyll which absorbs the light energy. 

The name chlorophyll was given to the green pigment in leaves 
by Pelletier and Ca\*entou (1818). There the matter rested until 
18114, when Stokes shovi-cd, from spectroscopic evidence, that 
chlorophyll was a nurture. This paper apparently did not at- 
tract much attention, and it was Tw>t until \YiUst&Ucr entered 
the field that any progress In the chemistry ot chlorophyll was 
made. 

\Vhcn dried leaves are powdered and then digested with ethanol, 
a “ crystalline " chlorophyll Is obtained after concentration of the 
solvent. If, lio^'C^TT, ether or oqneons acetone is used instead of 
ethanol, then the product is " amorphous ” chlorophyll (WDlstlltter 
et al., 1003). The extraction of chlorophyll is also accompanied 
by the extraction of two other pigments, carotene and xanthopbyll 
(see Qu IX). WOlsUtter d al. (1010) then showed that *’ crystal- 
line “ chiotoph>’il was produced daring the extractioD of chlorophyll 
by means of ethanol, a molecule of phytyl alcohol being rcpla^ 
by ethanol under the influence of an enzyme, ddorophyllase (which 
is present in leaves). Nettle leaves ore the main source lor the 
extraction of chlorophyll on a largo scale. 

Wiilstflttcr et al. (lOU) originally gave chlorophyll the molecular 
formula C,,H,,0,N4Sfg, but in 1012 WlUsUlttcr et al. showed that 
chlorophyll, obtained from a wide variety of sources, was a roixture 
of two compounds, chlorophyD-a and chlorophyll-d. The separation 
was effected by shaking a light petrol solution of chlorophyll with 
aqo«ma methanol ; diloTopbyll^ remains in the light petrol, and 
chlorophyll-i passes into t^ aqoeoos methanol ChlorophyD-o is 
a bluish-black solid, giving a green solution in organic solvents ; 
chloroph>1I-4 is a dark green solid, also giving a green solution in 
organic solvents. The two components occur in proportions of 
opproxloutely 3 of a to 1 of 6 in natural chlorophyll Wlntcrstein 
d al, (1033) have separated the two chlorophylls by means of 
chromatography (on sucrose as adsorbent). 

The molecular formulae that hav-e been assigned to dilorophyllwi 
and chIorophyn-6 arc C^H^O.K^Mg and C„H», 0 ,N 4 Mg, respec- 
llvciy (WTllstitter. 1013) ; the two compounds hai-c different 
absorption spectra {cf. Stokes, abow). The hydrolj-sis of both 
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chlorophylls with cold dflate potassium hydroxide solution gives 
ocQ molecule of phytol, (see §S0. VTII), one molecnie of 

methanol, and one molecole of chlorophyilidenj (chlorophyUin'tf), 
I, or chbrophyiUdo-f> (chlorophyUln-^), IL Thus the chlorophylls 
axe di-esters. \Vlicn either chlorophyll is heated with an ethaiK^c 
solution of hydrated oxalic add. the mague&min atom is replaced 
by two hydrogen atoms to prodacc phytyl phaeophorbldeni (III) or 
6 {IV ; tlwse phytyl phatophorbides are dso known as |:difi«ophylins 
a and b, and crykaliine ’’ chlorophyll is ethyl chlorophyillde). 
The foregoing reactions may be formulated as follows : 


.COjH 

n '""' HxON.m/ +0*11,0+ CH^OH 

COiH 


0MH,0N(Mg' 


NxiiCVIn 


I 

ehlort^hy 111 da - a 


chlorophyll -« 


I tcottn, 
CttUOil 


co.cg, 

CJHaONf 

III 

pbylyJ ph»opliort>We-a 


OaHnO.N.SI, 


pOjCH, 


COjH 

+C*H,0+0H^ 

co,n 
n 


chlorophyll-i 


chlorophyllldc'6 


(OCHtOs . 




.COiOH, 


cue, 

IV 

phytyl pheeophorblde'O 


56a. Nomenclature of the chlorophyll degradation products. 
Porphytina are substituted porpWns (see Phyhins, phyUlto 
and chlorophylls contain magnesium, whereas phorhias, phorbides 
and phytins are magneiiam-freo compounds, the magnesiara atom 
having been removed and replaced by two hydrogen atoms. 7^ 
IHhydroparphin is the nucleus of the cklcrin series of compounds 
(tricarbity^ derivatives) whicdi are derived from chlorophyll-# : 
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rhodins are the corresponding compoonda derived from chlorophyll-i. 
The introduction of the extra ring — two methylene groups across 
the 6:y>poaitiocis (see 5?) — gives rise to the ^horhins. The prefix 
phieo designates those compounds which have the same substituents 
that occur in chlorophyll, Chlorin itself is dihydroporphln, and 
the natural red porphyrin pigments are derivatives of porpto, 
whereas the grew* chlorophyna and their derivatives are derivatives 
of chlorin. Furthermore, examination of formuhe XIV and XV 
(in §7) shows that there is still complete conjugation in chlorin as 
in porphin (formula XI, §2). Chlorin has been synthesised by 
Linste^ et al. (1056), and has been dehydrogenate to porphin, 

|7. Structure of chlorophyll-a. When phytyl phaophorbide-o 
is hydrolj'sed with bailing methanoUc potassinm hydroaddo (30 
seconds), the product is chlorin-d. This is a tricarboxylic add 
(c^., it forms a trimelhyl ester), and its molecular formula may 
thus be written as C^H|»N 4 (CO^^ Chlorin-^, on oxidation with 
chromic add or with C^'a add, gives htemstinic add, I, and 
etbylmethjdnialeiirude, II (Wfllstatter ei al., 1010). When 


OH)p=s:^CH|‘OH|‘CO|H 



I 




rv 


V 


chlorin-^ is reduced with hydriodk add in acetic add, hamopyrrole, 
m, and phyilopyrro^, IV, are produced (WiHstfltter et al., 1011). 
When phylloporphyrin (see below) is reduced under the sami^ con- 
ditions, the products are now III, IV, and cryptopyrrole, V. From 
these results it is reasonable to infer that chlorophyll^ contains 
four pyrrole nuclei, each probably having a methyl group in the 
/?-positk)n (see U-V). It is also reasonable to suppose that at least 
one pyrrole nucleus contains a propionic add residue in the 

podtion(#eeI). It also appear* likely that a vinyl group i* present 

in the molecnle {this would account for the presence of an ethyl 
group on redaction ; at the same time, the presence of an ethyl 
group, as such, is not eiduded). FurtheiTnore, the isolation of I 
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and n on oxidation (giving oxidation at the cr-poaition), and of 
in and rV on rednction (the appearance of a methyl gro up at the 
a-position), be interpreted as meaning that the four pyrrole 
iradei are joined to each other at their a-positions via one cartxm 



atom {ef. §2). Thns a possible skeleton stmetnre for chloiin-< 
could be a one, VI ; the positions of the varions substituent 
gr o u ps cannot be assigned on the evidence obtained so far, 
a methyl group at 1 and a propionic add residue at 2 would pro* 
duce the same ozidatiou product I bad the positions of the two 
g rou ps been interchanged in VL It is also necessary to fit a second 
carboxyl grou p into this s tru c ture (VI), since chloropbjdl-tf fonns 
dilorophyllide-a on hydrolyos (the latter compound contains two 
carboxyl groups). Furthermore, since ddorophyUide-a, on further 
hydrolysis, fonns chlorin-e, a tricarboxylic add, some group must 
be present which can give rise to this third carboxyl group. Such 
a groop could be a lactone ; it must be cyclic since no carbon atoms 
are lost after the hj^drolysis. 

By the farther degradation of chlorin-f, heating in a sealed 
tnbe with ethanolic potassiam hydroxide, varions porphyrins are 
obtained. Three of these are py ir o porphyrin, ihodoporphyrin and 
phyhoporphyrin. 

PyiToporphyrin, C„Hj^ 4 *CO,H, has an ab sor ption spectrum 
closely resembling that of mesoporphyrin (see §2) ; this tgrees 
with the tentative slceleton s tructur e VI proposed for chlorin-^ 
P y n o porphyri n, on bro i nl i Bi tifm followed by oxidation with chromic 
add, gives broraodtraconimide, VII, as one of the products (Trdbs 
d a/., 1628). It therefore follows that at least one of the pyrrole 
nudd in pyirop orp hyri n has a free ^position available for bromina- 
tion. Synthetic work then showed that py rroporjdiyrin has struc- 
ture vm (H. Fischer oZ., 1929. 1030, 1933) ; thus the portions 
of the four metl^l g r oups and tl^ position of the propionic add 
gro u p are now established. 
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VII 


ai, c,n, OH, 0,11, 



pyrrnporphyrifl 


Rliodoporphyrin. CaoH„N 4 (COtH),. on heating Nvith sodhim 
cthoxidc, readily loses om carboxyl group to form pyrroporphyrin 
(VIII). From a detailed study of the hamin series, it was observed 
that a carb o x y l group in a tuU-chain of a pyrrole nudens was 
(hlRcult to remove. Hence it is probable that the carboxyl group 
lost from rhodoporphyrin fa attached dirccily to a pyrrole nudeus. 
The only position for this carboxyl group fa at 6 (see structure VIII) ; 
elimination of the carboxyl gnrap from rhodoporphyrin would then 
give one pyrrole nudens with a free ^position (6), ix., pyrro- 
poTphyrin. Furthermore, comparison of the absorption specto of 
rhodoporphyrin with compounds of known stru c t u re showed that 
the two carboxyl groups are in positions 6 and 7 (the latter fa the 
propionic add residue), and thb was confirmed by the synthesis 
of rhodoporphyrin. 

Phylloporphyrin, C„H„N 4 *COgH, contains one CH, group more 
than pyrroporphyrin, and may bo ojnverted into the latter by 
heating with sodium ethodde. It therefore follows that the alky] 
groups in both compounds occupy similar positions. Synthetic 
work then showed that phylloporphyrin contains a methyl group 
attached to the y-methyne cation atom (H. Fischer d aJ., 1930, 
1033). 

Consideratiem of the infonnation obtained from the. structures of 
the poT 7 )h}Tins described abo\'e shows that the skeleton structure 
IX fa present In chlorin-e. Now' chlorin'C contains three carboxyl 
groups and one more carbon atom than the structure shown in IX. 




CO,H 

XI 


The formation of a methyl group (at the y carlwn atom) could 
explained by assuming a carboxyl group is attached as shown 
structure 

When phytyl plueophorbide-tf (EU, §6) is hjdrolysed with add, 
the phytyl group is removed to form phaophorblde-tf. 

^OOfCHj 00|0Hj 

OaH,ON/ CaH^OI^ + C^HbO 

W,CVI„ CO,H j 

phytyl ph»ophorbl(Je.a ph»ophcrrlride-fl 


B-sr 
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WTicn phxophorbide-a is treated with hydriodic add in acetk add 
and follo\Tcd by atmospheric oxidation, the product fa phaopor- 
phyrin-a|. This, on further treatment Ndth h3^odic add in acetic 
add, forms phylloerythrin, C^Hj40,N|, by leas of the carbo- 
mcthoxyl group ; phylloerythrin has the same absorption spectrum 
as that of the porphyrins, and so the porphin structure is still 
present No\v ^th pharophorbidew* and phylloerythrin contain 
a keto group (aa U shown by the formation of an oxime, etc.), 
and so when the eaxbomethox^ group is hydrolysed, the elimination 
of carbon dioxide can bo expected If the keto group is in the ^ 
position with respect to the carboxyl group (produced on hydrolysis) . 
Furthermore, the hydrolysis of ptueophorblde-tf with methanolic 
potassium hydroxide gives chlorin-e. In this reaction, apart from 
the hydrolysis of the carbomethoxyl grtrap, the keto group is loot 
and a carboxyl group is introduced with^ the lou of any carbon 
atomi. This may be explained by assuming that this carboxyl 
group (the third one in chlorin-tf) b produced by the fisaon of a 
cyclic kHone, and not from a lactone as suggest^ previously (sec 
above). Thus a possible skeleton structure for phfwphorbide-tf is 
XI ; if the ketone ring is opened, then the formation of X can 
be expected. Also, the hydrolysis of XI would produce a ^keto- 
add, which can be expected to looo caibcm dioxide readily to form 
phylloerythrin. 

Phjeophorbidc-tf can be reduced catalyticaDy to its dihydro- 
dcrivative in which the keto group remains intact This suggests 
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the presence of a readily rcdudblo double bond- Oxidation experi- 
ments on phreophorbide-rt and dihydrophax»phorbide-a showed the 
presence of one vinyl group in the former. Furthermore, the 
existence of a vinyl group in the ester of chlorin-e was shown by 
the reaction with diaxoacetic ester to give a cyciopropane deiivalivc, 
which was isolated by the oxidation of the addition product (H. 
Fischer et aJ., 1036 ; cf. 52a. XII). Thus one of the ethyl groups 
(see pyrroporphyrin, VIII) must have been a vinyl group before 
reduction. Farther degmdative and tynthetic work by H. Fischer 
ei el. (1034-1036) showed that phaophorblde-tf is XII and that 
phytyl phieophorWdo-ii b XHI. 

The replacement of the two Imino hydrogen atoms In XIII by 
a magnesium atom would therefore give chloropbyil-a ; this Is XTV. 
Chlorophyll-h has been assigned structure XV, 



PHTHALOCYANINES 

58. Preparation of the phthalocyanines. Pbthalocyanmes 
are a very important class of organic dyes and pigments; th^ 
are coloured blue to green. They were discovered by aeddent at 
the works of Scottish Dyes Ltd, in 1928. It was there observed 
that some lots of phthalindde, manufactured by the action of 
ammonia on molten phihaiic anhydride in an Iron vessel, were 
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contxuninated ^'ith a blue pigraent. The structure tmd method 
of formation of this compound were established by Unstead and 
his co-workera (1034). 

The phthalocj^nes form metallic complexes with many metals, 
and the colour depends on the nature of the metal (copper, mag- 
neahnn, lead, etc.) ; greener shades are obtained by direct chlorina- 
tion or bromination. The metal phthalocyanines are insoluble in 
water, and are used os pigments. They are made water-soluble by 
sulphonation, and these soluble salts are used as dyes. 

Metal phthalocyanines may be prepared os folknvs : 

(i) By passing ammonvi into molten phthallc anhydride or 
phthalimi^ in the presence of a metal salt. 

fil) By heating o*cyanobeniamidea or phthalonltriles with metals 
or metolljc salts. 

(lii) By heating phthalic anhydride or phthalimide with urea and 
a metallic salt, preferably in the presence of a catalyst such as boric 
add. 

Phthalocyanlne, I, the parent substance of this group, may be 
prepared by heating phthoJonitrilo with a UttJo triethanolamine. 
It can be seen from formula I that phthalocyanlne contains four 
isoindolc nuclei joined In a ring by means of nitrogen atoms. If 
W8 Ignore the benreae nuclei, then wo have four pyrrole nndei 
linked by nitrogen atoms, a structure similar to the porphyrins, 




m w ikh the pjTOlo nuclei are Unked by methyne gronpj (H h 
porplun , cj. J. . toih types of compounds are coloured, and both 
contain t»-o imlno hj-drogen atoms which can be replaced to form 

TOtal Comdexes. Urause of these stmllariUes the phthalocyanines 

are often knorn, as the lelra-azaporphyrins. The first commercial 
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^^hthalocyanlne pigment was Mona®traI Fast Blue BS ; this is 
copper phthaloQ'amne (HI). 



§9. Structure of the phthafocyaulues. Analysis showed that 
the phthaiocyanines bad an empirical formula where 

M is a bivalent metal, copper, magDesiom, etc. The molecular 
weight detennhiatioa of magr^um phthalocyanine by the ebuUlo* 
scopic method with naphthalene as solvent showed that the em- 
pirical formula was qIm the molecular formula (Linstead d aJ., 
1034). This has been conftnned by means of X-ray measurements 
(Robertson, linstead d al., 1035). 

linstead showed that the pht^ocyanines can be obtained by 
reaction between a metal and phthalonitrilc, I, o-cyanobenzanude, 
II, phthalamidc, III, bnt not with, for example, terephthalonitrile, 
IV, horaophthalonl^Ie, V, or o-xylylene dIcyanIde, VL It is 



0 ^' 


n 


0 CO-KH, 
CO-RH, 

ra 


O aHyCN 

ON 


O CHt-ON 

OH, -ON 


ON 

IV 


V 


VI 



803 - 


J9] HfiUOGLOBTTT, CHLOROPHYLL, PHTHALOCyA2nNE3 

therefore reasonable to infer that in the formation of phthalo 
cyanines, the two nitrile groups involved most be in the ortho* 
position- Thus there are probji>ly four C,H 4 N, units, each having 
an ttoindole structure, VII, or a phthalaxine structure, VIII. 



VII 


VllI was shown to be untenable since no phthaloGj^anine could 
be prepared from compounds containing this skeleton- 
Tbe oxidation of phtholocyanines with hot nitric acid, cold add 
permanganate or ceric sulphate produces phthallmlde and am> 
monitrm aalts, the amount of phthalimide being that which would 
correspond to the p re sen ce of four isoindole units. The problem 
then is : How are these units Joii>ed together ? The treatment of 
magtHshun phthalocyanine with sulpht^c add replaces the mag- 
nesium atom by two hydrogen atoms. 

(C,H.N0,Mg -5^^. (C,H.K,),H, 

This suggests that in metal phthahxyanines, the metal has replaced 
two imino hydrogen atoms, A reasonable structure for phthalo- 
cyaidne is one in which the four iwindole units are Joined through 
nitrogen atoms to form a cyclic structure (IX). On the other hand. 
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an open-chain stractore conld also be produced by joining four 
ttoindole nnits through nitrogen atoms (X) ; in this case the mole- 
cular formula \TOuld be (C,H 4 Ng) 4 H 4 . It seems unlikely that X 
could be rejected on these grounds alone, since in a large 
of this type it appears to be difficult to estimate the hydrogen 
with certainty (IX contains a p p r o xim ately 3-6 per cent, hydrogen, 
and X 3'9 per cent). X, however. Is unlikely, since phthalocyanine 
is a very stable substance ; the presence of an IminQ group at the 
end of the molecule could be expected to render the co mp o un d 
unstable to, ftg., add reagents. Furthermore, the oiidatiou of 
phthalcxyanino with ceric sulphate in dilate suliffioric add proceeds 
according to the following equation (over 90 per cent of the 
phthalimide has been isolated). 

(C«H4N,)4H4 -f 7H,0 + [O] + 4NH, 

This agrees with DC, but had the structure been X, then the molecule 
would have required two atoms of oxygen. 

(C,H4N4}4H4 + 6H,0 4- 2[0] -► ICjH.OjN + 4NH, 

Thus DC represents best the known properties of phthala^TUune. 
The two imino hydrogen atoms are nsplaoeable by a bivalent metal, 
and the remaining two nitre^eo atoms form ccKmlmate linlo (see 
fonuola in, $8). 

In metal phthalocyanines resonance is possible, and so aB four 
nitre^en atoms linkM to the metal atom would be equivalent 
Phthalocyanines (with and without a central metal atom) have 
been examined by means of X-iay analysis (Robertson, 1930), and 
the results show that these compounds are large JUd molecules with 
a centre of symmetry. The bond lengths of the C— N bonds indicate 
resonance, as do those of the benzene ring (all the lengths are equal). 
Robertson also showed that for nideel phthal/xyanine, if the radius 
of the nickel atom be assumed, then the positions of the other atoms 
in the molecule are exactly those obtained by chemical evide n ce. 
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Cellotrioae, S68. 371 
Ceiloloaa, SI, 370-375 
Centre of •ymmetry. 43-44 
Channel coESplex. 66 
Oxalatioa, 4, 10, 530 
dwancrtberaiy, 768-775 
Cbe&odeoxycbolic add, 471 
Cbitis.SSO 

Chitxjfajnine, su Gloccaatnlna 
Offononlne T, 305 
Chlonunphtnksd. 773-775 
Chlorin-#, 704. 795, 796, 797, 709. 800 
l-Chlcrroapocanspbase, 85 
CbloTobotane, 30 
CWortpcafieine, 70S-703. 704 
ChJonxrotcnlc add*, 107 
ChlonKydebexana, 380. 145 
c'Cbloroethylbenxese. 56, 75 
CbloTtanetbyladan, 513, 514. 646 
G ^nang^, w 

S>Cbka-o-octaae, 69 
3-^42ilon)pbeaacyl-S-pb«iyi-I*.lJ:4* 
totEabydro^ra-arxmoHnlQxa 
brosffaa. 105 

Oilocopbyll*. 387, 564, 779, 793-8W 
ChloropbylW, 798-800 
Chlorophyn-t, 793. 794. 800 
Chlorc^ylia»a, 798 

ChlorordiyflWa-a, 703-794. 796 
aiIorophyiUde-6, 793-794 
Cbloroprena, 384 

Chloroqaioa, 763 
Chloroancdnic add. 73, 73 
Cbliffotnll^diiatas, 83-84 
ChlorcptbttSpbylUne. 706 

»43iJojro-l AS-triphenylprop-l-yoft, 

418 

Omlaoic add, 433, 439, 440, 470, 472, 
473 

CtoJ^caldierol, «* VttaadiiB, 
Choleic add*. 475 
Cbdanlc add. 473 
Choteftane. 431 454. 458. 471 
Cbcdestanedtene, 436 
Cholertaagtrioi, 436, 437 
C2ioJe*t*iid. 410. 431 438. 441 454. 

456,467.459.460, 471 4^ 
Choleftanooe. 431 434, 436. 458, 47S 
CholwrteDCne, 436, 457, 47X 
Chol«teroJ. 879. 430. ^ 

457, 466, 469, 471 471 479. 496 
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Cbolk add. 471. 475 
ChoUne. 747 
Cbromaoj, 749 

Chromatofraphy. 65, 170, J59. 273, 
274. 2S1. 3S8. 553. 674. 570, 659. 
717, 747. 793 
ChrtnDoprotdia, 554, 770 
CbryKiw. 423-434, 420. 433. 443. 4S0 
Chrj^, 676 
Cljicheno, 631 
Qochokrfpcm. 633 
Clachokdponic add. 031-633 
Clflchomeronic add. 609 
Ciflchonldlne. 62, 05. 90. 636 
Cinchonine. 62. 65. 630-637 
Cincboninlc add, 630, 631. 635 
CiDcbonlnone. 030, 635, 6^ 
Cinchotentne, 630 
Clncbotoxlne, 630 
l;4'Clnecle, 331 
liS-Clneole, 320 
ClneoUc add. 120 
Cnnamaklcirlmc. 165 
Cinnamic add. 112. 117, 124 
CinnoUnea, 530 
Circolar dkhroiam. 07 
Cii-addiUon. 111-118 
Ciidd coafonDEatkm, 35 
CiS'irant taomertam, u$ Geometrical 
Uomeriam 

Citraconle add. 106 
Citral. 97. 298-302, 304 
CitraJ-a, 301 
atrul-b, 301 

Citric a^ crcio, *« Krebs cyda 
CitroodUI. 306 
atronellk add, 306 
Cltronenol, 307 

CUiaen condenaalkm, 325. 491. 013. 
675, 076, 683. 726 

CUiaen-SchmIdt reacticm. 302. 606, 
678, 079. 680 
Oathiate, 66 

Oeromenacp redacthra, 372, 410, 422. 
432, 433, 440. 443. 472. 500. 502. 
741 

Cocaine, 623-020 
d-Cocaine, 625 
Co-caiboiylaae. 727 
Codehj-droffenaM I and II. 744 
Codeine. 648-653 
Coddnooe, 648. 649. 653. 653 
Co-enrymea, 574, 577. "itO 
Coenryme A. 379, 'tO 
Co-eniyines I and 11, 720 
CdUsens, 563 
CollipaU\-e propertiea. 2 
CoUijion theory ol reaction*, 77-79 
Coiopbooy, 371 

Compenialion. external. 46. 03-70 
internal. 50-53. 08-70 


Concerted mechanism. 118 
y-Conlcelne, 601 

Conflgnnri^ 21, 25. 35, 40, 41, 48. 

73-75, 105, 222-224 
Configoratkin. correlation of, 41. 69- 
60. 65. 85. 351-352, 455. 544 
Ccm/ormatfon. 35-36 
boat, 12»-130 
chair. 12^130 

Coalonnatlona] analyala. 35-17 
asymmetric aynthesis. 93-96 
ben sene hexa^oride, 116 
ryrfebexanes, 128-134. 142-146 
decalina. 136-141 
2-decaloU, 136-142 
mcnthota, 324 
pynnocidea, 343-345 
aterdds. 458-459 
troptne, 620-631 
Conhydrine, 603 
A-Conhydrine, 603 
Conitne, 602-603 
Conjagation. II 

Constancy of N-alency angle, prtndple 
of, 33 

Conateilation, 35 

Gmatltntive properties, 2, 8, 9, 10. 13 

Con>Tine, 603 

Copaene, 362. 364 

Copper pbthalocynnine, 803 

Co^tase. 439, 454, 458. 472 

Omrostanol 430, 457, 459, 472, 473 

Cenmese, 425-428 

Cortlcosterooe. 602 

Cortlaone. 503-504 

Cotton eflect. 07 

Conmarana, 676, 74D 

Conmaric add, 100 

Coumarin, 106, 662 

Contaailnic add, 106 

Crocetln, 405 

Crodn, 405 

Crotonlc acid, 104. 107, 110 
Crotyl akohoi. 105 
Crotyl b r o mide, 305 
CryTlopyTTOle, 777, 778, 782, 702. 795 
Cryirt^yrrolecarboacylk add. 770. 

g ^toxanthln, 403 
^nmertoi, 748 
minal. 366 

Curtini reaction (rearranreraentl, 85. 
548. 719 

Coicofayfiine, 507 
Ctttpanne, 627-028 
C}'anidla chloride, 659, 660, 666-667. 
670, 682 

Cj-aaln. 686. 667-608 
Cj-anoacetk ester, w Ethyl evano- 
acetate 

Cj-anocohabmin, set Vitamin B., 
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CyddbntuM derirmtlves, ttereo* 
ciiOTniftiT of, lt4— IW, S54 

A?dec*n*-i'.5-diooe, S69 
lobepUtriene. tt* TroptUdoae 
’ • — U^IZO. 416 

dcrivfttiva, ftereo* 
chemistry of, 1S8-186, 142-140 
CycfolMDan5Ki<«baacyl'Si?roi^ 

1J9 

C^hcau»-l',^<U^M^t^c add, 

C^hex»iMmfr-t-<art>oxylio *cW. 

oxime of, ITS 
Cyclohsxyl bromWa, 14S 
Cvcfwauoe derivatives, storey 
of, 126“127, MX 446 
Cycfopentanone oxime, 184 

lil-C^^fepentsmrohaiiantl^ 4*9 

CTd<rpropa»e dertvotivet, stereo- 
<£Krristry of, 112-144 
Cwfeproj»n©-l:l:^tricar boxy Uc acid. 

849 , 

Cjwf^oparw-ltSrS-tricarboxylicacid. 

Cysteioe. 512, 545, 766 
Cyrtioe, 545, 547, 5M. 663. 741 
Cytidiae. 709-711. 714 
Cytkiyiic tcid. 710, 716 
CytocWcme. 576 
Cytoiioe, 536, 709, 716, 717 

D 

DaldielD, 688, 884 
Darapsky synthesi*. 649 

glyckiic ester condensation, 

136, 

Debye forces, 5 
DecahydroiioqoinoUoes. 141 
Decahydronapnthaloftei. ut Decaims 
XSecahydroqmmdine*. 141 
Decalins, 156-141, 416 
2-Decaiol. 186-141, 169 
Decakroes, 139-140, 467 
Dehydroeacorbic add* 26J-1168, 576 
7-Deliydrocboietterol, 468 
1 1 -Dchydrocorticos'ter oo e. 502 
D^ydrodeoxychoUc add, 444 
D^j'droepiandrosterone, 478, 479, 
496 

IJ^ydrogenase*. 675. 676-577, 678 
Dehrdroianatlon (with metsU). 169, 
411. 414-417, 4t8, 647 
set mIso Selttnitim *nd Solphnr 
dehydrogenation 
DehydroHthocho^ add. 473 
Ddjydicrwrcholene. 441 
Delpbirddin chioiide. 660, 670 
jjdphinin. 670 
DenatnratioQ, 66S, 664 
I>«ncybOianic add, 444 
Pemcycholic add, 440, 444, 471 


ll-I>eoxycortico»teroiie, 601 
ll-Deoxy-17-hydroxycortkosterooe. 
603 

D«CDcyTfbonacleic adds {D 706, 

717-718 

J-Dococyribose, 708, 713 
Dopsides, 884 
Dethlobiotin. 740 
Deatertnm cotapemnds, 10 
Dcnteroh*snin, 787 
Denteroporphytin, 786 
Dextrin, 270 
Dextrose, *« Cfccosc 

i^4*r>iacetcD«y*c«topb«M»M>. 604, 6W 
Dialmic add, 6S1, 688 
Diamagnetisra, 38 
2ry.DUiiiln£MJ;fl'*diBietli3rtdlphci^ 
160, 161 

4;6-I>ianiijsoTirad!, 694 
Dianthronyiiden®, 168 
XXastase. 176, 177, 278 
DiastereoUtanors, S6. 47. 91 
DUrines. 829-638 _ 

Diasoacetic ester, 337, 140, 611. 814, 
800 

Diasoates. 190 

DiasocyaaWts, 190 

Diaioketoaes, w* Arodt-Elstert syn- 

DJa^^ian*. £56. 15*. 440, 
*^4Sr&Sr606. 516. 629, «4. 711, 
742. 766 _ 

Diasoaalphxmate*. 190 
ldWl:6-IMbeosanthime«na, 420 
l;3-I>ibromobatan«, lU, 119 
at^Dibromobotyric add, 47 
Dibromoeotinine. 610. 611 
Dibnanofatnarlc add. 111 
Dihratnomaleic add. 111 

ttra'-Dibrotnoracdnk: add, 112-113 

Dibromoticoiilnfi, 610, 611 
Dkhioroadenina. 711 
fcO’-Dichlorodipbenic add, 150 
4:4'-I>ichlorodipb*ayl. 150 
Itl-IHchkicocUume. *** Ethylene 

te-D^^^S^trobenaldaxlme. 

^♦.Dichloropy^ddWJM 

pieckmann reaction, 317. 343. ou 
Dtelectiic conrtant. 3. ^ 

Diels^ hydroairbon. 429, 423, 

2:a'.tSooct>4):6'-dinltrodlphcny' 

160 



mnEx ( 

6:6'-DIQnorDdipJ>enfc »ckl, ICO 
Digitonln. 431. 407 
Dihydrocirveo], 31S 
Dihydrwholrtterol. ue Chole*t*ncd 
tHlO'I>nijairo*3:4-fl;0Klib«izopheo- 
asUirene. 167 

•2:33-Dih3rdroerp3*terol, 4fifl 
Dihydroeadocnene, 367 
Dfljydroendtfmol, 3CC. 3C7 
Dihydro-if-ioiKtae, 36C 
I>ihydro:^-^-c*rotene, 391 
Dfb^roxjroalelc acW, JS3 
4:6-DihyuTOiyTiracn, 693 
£:6-Dj-lodopnrine, 690 
3:6-I>j-Io<k>t}TOii/>e. 046, 661 
Piketo^loaK ackl, £63 
Piketo^pcrariDa. 665, 557, M7 
DUlturic add. 635 
Pimercaptodiphenyl, 149 
Pimeiityl, 163 

w:4-Dimeibcx)'xcetoph?norM, CC4 
6:7*Dlmelhoxj^wqaiDoIlno-l- 
carbccc)'lic odd, C44, 646 
p:^-DimothylacryHc ertcr, 331 
«:>-I>imethyladiplc acid, 303 
^^DimetliyUdlplc add. 303 
IXmethylillcrran, 700. 700 
PimethylUrtudmlnuole. 746 
3:3-DirT>eth)'llMtan-S<l. 03 
S:3‘IMmethylbataa<SK)n«, 63 
PlmethylcadatcTM. 303'3C4 
J.'5<I>jaKtfaylovM}ex:i/}<. 135 
l:3<Uia>ethyk^vf0bMai)«, 135 
6:C-DimethyU^9l>«3carw-S:4*dMae< 
1-caiboxylk efter. 3l3 
methrl^^tfpenUne- 1 • 
carboxylic mod. 107, 150-157 
SJi-Dimrthylfyc/trpcnlaiie-hl-db 
carboxylk aad, 107, 156-157 
S:6'I>iinetbylcyc/opentanoTte, 430 
3':7-Dlr«lhyl^lopcntcnophenan- 
tbrene. 438 

PimethyldllrttopIpcTaiine, 44 
I>imcth>*lditbiocarlanute (dnc call), 
363 

S:3-rHmethyif[lucise. 573, 578 
a:cl>lmcthylslulaxk odd, 303, 6S0 
^^-Dimetbylglatarlc add, 3t5 
1 .■C-Dlmelbyl-4 -ismrxjpyl- 
naphtbalcTw, 3B0 
rHmflhylmilric acid, 748 
Dimethyimalook: add, 380 
I^O-^>im^^thylDapbthtl«^e, 398 
SJ-Dimrthylnaphlbatfnc, 464 
5:6-t>imethylnaphthalfnc. 300 
1:3-I)in>clbyjfibcnaathr«jc. 445, 446. 
486 

r>imtthylf>h«xyUnli«i, 191 
I>imrtbylplp«^ine. 171 
Ihmcthylttccharic add. 505 
■•a-IWmcthylTOCdnk add. 303. 159 
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IMinethyltartaric add, 256. 533. 530, 
503. 715 

Dimcth^thiTOnlc add, 564, 266 
DimotbyioTca. 701. 704 
DlmethylDric add, 700 
l;r-Dlnaphtbyl-5:5'-dkaiboxyUc 
odd. 163 

I:l'-Dlnaphthyl-8:8'-dl carboxylic 
add, 163 

«:y-IM*l-naphtbyl-<Cy-dJpb«iylaIleDC, 

164 

«:y-Di-i-naph(hyl-*->-<liplienylaByl 
alcobof, 104 

fl:6'-Dinitrodipb«ik add, 148-146, 
100 

Dioagraln, 407 
DipenteM, IJmonene 
Diphe&ic add, 161 
Dfpbcfiyl, SI. 148. 163-163, 408 
Dipbeoyl compoQAds, itcTCO^mistry 
ol. 146-163 

Diphcayl‘5:5'*<lifolphonlc add, 161 
DrphtnylccD dlsalpolde, 146 
DipbeaylgnanJdlBe, 383 
3:4*I>jp£ienyllti>-oxarol6-5-eafboxyllc 
add. 163 

l:4*IHpt)eaylpiperazlD« dknlde, 174 
DPN. 750 

Dipolar ioBj, 656, 067. 001 
Dtpolenllpole efl^, 3 
DIpola momrau, 3, 6. IS. 1^16, 16, 
35, 36. 36. 37, 70. 86-87. J08, 
no. 149, 160, 103. 173, 174, 161, 
506, 657. 660, 051 
Dlp>'TTyin>cthanc«. 783 
DlpyrrylmBthtnc', 785-784 
DikOCcWide*, 551. 258-368, 286, 
280 

Didafcctanta, 768 
Dl»pcrak>D iorces, 3, 0 
Displaccmeat reactions, 70 
DisaodaUoo cmjUfbriom, 172, 103, 
194, 107 

DIrsj’/naMtry, 50, 57 
DHtance mle, 13 
6: 1 0- D< t ol y I - 6 : 1 0-d fh jtJ ro- 
arsanthreri, 168 
DaroqoJool, 74B, 746 
Duroqubooc, 748. 749 


E 

Ebonite, 354 
Ecf;ontDe, 653-050 
^Eegoaioe, C56 
kcgcniaic add. 053 
EcUpwl fonn, 34, 159 
Ela^tlss, 603 
En« reaction, 409, 455 
Electron dlflractlon. 4. 21-22, 15. 37. 
130, 103, 160. 169 
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Electrophilic (cftticmoLl) reagent*, 70 
EJmantJi of tyrametry, cm Symmetry 
EUmination reacticKa, jtcreo- 

chemiftryoi, 118-118, 144-I40 
Emdo degradation, 585 
Emulsia, 07, 223, 250, 206. 208, 200. 

282. 284. SS6. 188. 180 
Enantiocaonihi, 18, 21, 35-27, 31-32, 
41, ISO 

Ead-groop amy, 273-275, 270. «7, 
278 

Endocompoonds, 116 

Eod-on ap^oach, 70-80 

Eaei^ oi activation, 78, 81, 80, 170, 

Eruymea, C3. 07. 222. 1G7. 259. 200, 
282, 205, 208. 288. 170. 177. 178, 
270, 280. 284. 288. 288. *89. *90. 
373. WS. 563. 574-577. 708. 711. 
715,718, 7*0, 7*7. 707,793 
Ut *Uo 

Ephedrlnea, 638-590 
^Ephedrines, 500 
Epi-aerie* (in Steroid*), 454 
EpiAndrotterone, 470. 477 
Epicbolattaaol. 458, 469. 477 
Epi e oproataaol. 467, 459, 474 
EpimeHsatioo. 240 
Bpfatephfiae, U4 Adrenaline 
Epoxides. 117. *49. 381, 413. 450, 
4r7. 490, 540, 608 
BqoatorLsU bonds, 1*0 
EqoQenin, 48^93 
EqaiUn, 491 

Ergocaldfnol. see Calctlcrol 
£jgt»tAnoi, 400 
Ergoateroi, 430, 450-462, 400 
ErgosteroM , 409 
Erj'thrO'S-bromobQtan-2-oi. llfl 
Ex^dhrow, *11 
Enectiai oils, £0!, S04-295 
SM alto Oils 

17a-£thin)da»tradici, 43S 
Ethyl acetamidomakmata, 648 
Ethyl acetcncetate syntheses, sm 
A eetoacetic ester syntheece 
i7-EthylJ6t3ocholaiie, 600 
Ethyl tt-hromoproplcusate, 07 
Ethyl o-chlorocEotiinate, 111 
Ethyl chioroionnatc, 568, 685. 094, 
097, 7SI 

Ethyl cyaoaocetato syntheses, S30, 
335. 649, 694. 099. 704. 705. 707. 
737 

Ethyl tycfotunome'S-carboxylate, 413 
Ethyldlmethylpbeaylancadom 
iodide. 104 

Ethyi«»-lt2-bi*(»--batylmethyl- 
phenylarioraoin)picrate, 100 
Eth;^«»-l;2^ii*(»'batyl phenyl- 
ar*infi)-dlciik)cop<uladlum, 106 


Ethyleno-l '.S-blsfa-batyipheayl- 

arsine sttlphide), 105 
Ethylene chlo^e, 34-35 
Ethyl famarate, 08, 512 
EthylIrtTpropylacetaidehyde. 457 
1 -BthyJ-7 W4c7>ropyJpbeaiin threate, 
375 

Ethyl makiflJtte syntheses. 341, 381, 
880, 411 490, 531. 533. 544, 547. 
548, 598 

Ethyl «-mothyIbatyrate, 00 
Ethylmathylmaleimlde, 779, 795 
Ethylmethyisoalonio add, 89, 91 
Ethytmetbyi'l-naphthylainlae oadde, 
178 

EthylroethylphenacylsalpbenlBm 
picrate, 202 

EthylmcthjdpheayJaanlne cedde, 173 
Ethyliaetbydphenjdphcephlae oadde, 
102 

Ethyi methyl -a-pfo pyUta naaoItun 
iodide. 109 

Ethylphcgyluepropylge m ani om 
bromide. n)0 

Ethyl i^toloenescdphlaste, 203 
Ethyl triphenytmethylpyrcpho#' 
phonate, 102 
Etianic add. <30 
fi-Eocaine, 628 
Ecdalese. 385>8&8 
Eodesmol, 806-168 
Evipan. 533 
Exo-compouods, 340 
External compensatioo, rf* Compen- 
sation 

Extinction coefficient, 17 


F 


FAD, 720 
Fara^y efl'eet, IS 
Famesal. 355, 356 
Farnmene. 855. 358 
Famesenlc arid, 856 
Famesol. 855-M7. 360. 370 
Farnesyl brMolde, 877 
Fenchaive, 829 
a-Fertebeno, 353 
a-Fenchocamphorone, 353 
Fhnchnne, 355-354 
Penchyl alcohol. 858 
Flbrotw proteins, 1565-567 
Flttig roaettoo, 408 
flugpote bonds, 126 
Flavanone, 578 
FInvini. 728 
Flavcne, 574-577 
Flavonca, 573-583 
Flavonol, 677-679 
Flavnoois, 577, 681 
FJavyikun chloride, 858 
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Haloforro rtjaction, 315, 33f, 545, 5fl0, 
304. 800. GOO, 723 
Haworth tynthatis. 410-41S 
Holicin, *89 
Hemi-ccliaiote*, 2S0 
HemlmenJtenfl, 573 
Hemiplok add, 043 
HoptaocnOr 419 

Herxig-Meycr method, 084. 000 
HeteroanxitJ, GOB 
HetcTDcycUc compooDd-i, C0&-fii£ 
Heterolytic 70 

Hexacene, 419 
Hexftchlorocjviohexane, IM 
Hcxahydrccjachotoeronlc add, 035 
IlexahydrotamcKil, 570 
Hexahydrolaracfyl bromide, 37 J, 377 
Hacah>’drcFj4ai^itKilic acid. 134 
Hezabydrophthalic add, 103. 134 
HexabydroWopbtbalic add, 100, 
13G 

Hexoeftrol. 404 
HexcEMS, ald(>-, SIO-SIO 
ksto-. *i0-*17 

Hexnrc»ic acid, m AkotUc add 
Htpporic add. 5G0 
lUnatidla chloride, CGO, 072 
Hinatifi chloride, 07 S, 073 
HUtidlce, 27, 646, 0€3 
HUtooea, GOS, 708 
Hofmann degnulatloo, 040 
Hofntann exhautivo methyt&tlon, 
587, OM, &84>!i86, 689. 091. 017. 
018. 039, 740 

ncfromui roarrangcmeat, 8B. 617 
Ifomotropine, 621 -022 
Homocaraph^c add, 344 
Homoiytlc fitstoo. 7C 
Homotneroqainono, 039 
Uomoratone, 370 

Horootcrpenyl raethyl ketone, 310 
Homovemtric add, 040 
HomoveratrylatniBtt. 040 
IIonJeniDe, 691 
Hormcnea, cortical, 601-004 
•eat, 470-500 

«M 0 Uc Aiutixts, Thyrodric, 
Adrenalina 

HmUon'a borotation roles, 254 
Hotl»on’« lactona rale, 224, S32, 233 
Haraalene nitro^te, 98 
Hybdditation of oriiitals. 14, SI, 50, 
87. 103-103. 110, 120. 101, 104. 
165, 173. 176-170, 199-200. 200. 
*07-t0S, 419 
Hydaatoio add, 690 
Hydaataia, 16$. 562, 690, 701 
Hydrandae fl»ion. 589, 035 
Hjrdraatino, 048 
Hj'draiofc add, GJ4, 028. 650 
liydrfndaaob, UI 


Hjnlroairbcatyril-S-carbcjtylfo arid, 

Hydrogen bonding-, 3-4, 0, 6. U, 19, 
272, 666, 666, 021 
Hyxirombber, SSI 

Hydroxyiotiocbolajiane, m Wto- 
androfterone 

Hydroxyalfocholanic add, 460 
e-Hydrcxybeimddehyde, 662 
Hydroxycholeatanedteme, 436 
o-Hydroxyrinnamic arid, 100 
17-lfj^n>xycorticoiteTTme, 503 
2'llydroxy'4;6-dimeth£>*ybcnt* 
aldehyde, 665 

7-IfyUroxy-I :* -dlmcthylphenan- 
threne, 486 

«'Hydrcxyothylbcniene, 76, 84 
^Hydroxwatamic acitl, 640 
7-Hydrox)^oqaiaoline, 039 
O-Hydroocyiaethylcjrtodoe, 709 
a-Hydniiy-x-taethylV-bepfOpyl- 
adipic add. 3iT 

T'Hydrasy-S-mdhyJfrequiDoline, 639 
Ily'tlrcncynorailochdajilc odd, 460, 
401, 407 

^IlydrtDcy'^'pitanylbQtyric arid. 01 

17»a-Hydrayyptage*teroae, 501 
HydroxyproUDo, M0, WO 
s-HydrmtypTopicoic add, S5 
Hv^uroxypyruvic arid, SOI 
5*l!\-dfoxjVrttdl, 693 
Hy^oe, 695-697 
liy^oie odd, 604i-596, 61* 
Hyodeoxycbolfe add, 471 
ilyotcine, 652 
Hyoecyamlae, 613 
IlypeTConjogatlon, 37 
Ilypoxanthlne, 003 


Absorptioa 


IdoM, 316-516 
Iminaroie, <r# Giyo-xaMne* 

Indaxolot, 616 
lodJcan, SS4 
Indoie-3HU»tic achl, 605 
Indoxyl, 184 
Indoced dipotai, 3, 15 
Induction effect, 3 
Xntra-red apectra. 

•pectra 
Inhibitor!. 677 
Inner xalti, 566 
IflodtoU, 1S6-1S6 

Intensity of luagnetbatioo, 16 

Intenal cnmpensatlon, m Cocopes- 
satios 

Inulln, 330 , 

Inverdon. st* Walden iavenlcMi 
Invertaao. 369. 269 
Invert wgar, I6I 
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lodoRorglc add, 6i5, Ml 
S-Iodo-octano. S3 
c-Icmone, 302>303. 304 
^•lonone, 303->303. 388, 380, 303, 308, 
402 

f -lonooo, 302-303 
rone, 303-301 
/loallazaxiQee, 843, 738 
/(oandrcwterone, sst EplandroBtcrono 
&-/Mandn3ctcrone, 474, 477 
/MbomooU, 03, 348-346 
7*oboniylai», jf29 
/tobomrl halida, 346, 346, 381 
Jjobatyicthylinethylpfopyl- 
anunoninm ctuodde, 170 
/focamphain, 318 
7*ocampbodc add, 343 
7«c>crotonlc add, 104, 107 
laoeiecbric point, 887, 662 
7«oeqa[lenin, 401 
7w> cf goe t erone, 400 
7»oflaTone*, 682-884 
/wgeronlc add, 303, 303 
Itohexyl methyl kotcmo, 437 
7<0indde, 803 
7(oletidi>e, 644, 645, 860 
7toUthobUiaak add, 474 
7i0maltaM, 278 
Itofficrlam, ntaticFnal, 36 

U4 *Uc Ccolonnational aiuly* 
di 

7«enkDtlnic acid, 603-600 
7»<MsaadM, 181, 183, 619 
7(epeUetlerlu, 604 
7<opentaaettLlol. 68 
7jopentyl carbamate. 60 
laoprene, 192, 313, 381 
lacpprene rale, 393, 311, 384. 360, 370, 
382 

a-7toprDpylglataric add, 317 
^•7»opfOpvl5lataifc add, 317 
7M>propyUdeDfl derivatives (olfncart). 

24W48, 157. 447. 732 
7u)propylmaionamk add, 32 
7wpTCFp yb nc d iiIc add, 316 
7»opolcfone, 327 
ItoqalnoUoe, 186, 886. COS, 743 
IriMNnIne, 42, 73 
7roaUlbcne, 112 
/rethuuolea, 613 
Isotopic asymmetry, 30 
Isotopic Indkaton, 30, 83, 281, 370, 
468, 883. 604. 695. 707, 700-702 

J 

Japp-KUngermonn reaction, 860 
K 

KalroUne oxide, 173 
Kcesom forces, 3, 7 


SUBJECTS 

12-KetochoUmIc acid, 441 
2-Ketognloiiic add, 257 
KetonHmthylic add, 325 
Ketoses. 210-217 
Ketrrdmcs, stereochemistry of, 170- 
180, 182-180 

Kmanl reoctioji, 42, 03. 212. 213, 214. 
216 

Kinases, 677 

Knotr pyrrole synthesis, 777-778 
Koetaneckl syntbesis. 676, 678, 680 
Krebs cycle, 677^78, 701 
Knhn-Roth methyl rido-cbaln deter- 
mination. 389, 404, 733 


L 

Lactase, 266 

Lactic add, 46. 64, 66. 73, 74, 02 
Lacto6avln, tf$ Vitamin B| 

Lactols. 218 

Lactoee. 65, 170, 243, 266 
Imvopimaric add, 378, 376 
Laevnlaldchj-de. 207, 302, 358. 381, 
382, 756 

LevoUcadd. 208. 200. 358, 389, 377, 
382. 304, 307 
Lzmloee, m Fnictoao 
Lanellne, 431 
LaiK>staax4, 460 
Latex, 381 
Laodaniae, 647 
Laodanoalne, 66, 647 
LaTandnJol, 203 
L c*t*i lactors, 730-737 
Lepldlne, 630, 644 
Lencin*, 844, 845, 848. 860 
Lencopterin, 758 
LDvojnffiaric add. 376. 370 
LJebemuum-Donjiard reaction, 431 
Limonene, 86. 317-318, 320, 300 
Linalool. 305, 380 
Lipoproteins, 884 

Llthram alnminiom hydride (oso oO, 
30, 93, 256, 393, 401, 403. 4W. 
433. 400. 460, 488. 487, 602, 886, 
892, 620, 682 
Lithohflianic add, 473 
lithochoUc add. 471, 473-474, 478 
Leipoolc add. 631-633 
Lon den for ce s. 3 
Lessen rearrangement, 85 
Lmnlchrome, 730 
Lnml-lactoflavin, 728-720 
Luminal, 532 
Lomiste^. 402 
Latein, 367, 404 
Ljrcoptnal. 395 
Lycopaae. 304-390 
Lyxophyll, 404 
Ly-eoxanthln. 404 
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Lysia«, 54S, M7, M8, 863 
Lyxoso, 


M 

Mtndsm. m 
&l«£leod eqosJtion, 8 
Magnetic indoetic^ 10 
Magnetic optical rotaticut, 13 
Magnetio permetl^&lty, 10 
Magoetio voaceptibiUfy, 10-16 
Malkaoic add, «S 

Maleic add, 100-10}, 1Q5-.106, lOB. 

ns-iH. ISO 

iXaldc dialdeh^, 639 
Malic add. 41, 00. 7*. 73, 100 
Uakmki ester STSthcses, tu Etbyl 
tnalmtate ayntbeates 
Maitase. 222, S69, 101 
Maltoi, 771 

Maltow. 143, 201-405, 276. 277, 178. 
279 

Malvidin chioride, 080, 071-073 
Malvln. 071. 072 

Mtuuldic add. 66 . 89, 08, 93, m 590. 
031, 741 

Manddonitrile, OT, 280 
Mafijuuu. ISO 
IMazmlsotriiMe. lOS 
Uatmoae. SO. 39, 315-216, S19, 231, 
S80 

MairianoUc add. 4&8 
MoerTreln-R>a»doff--Verley radoc- 
tion. 93. 340, 485. 774 
MeUbk»e. 118. 148. 267, 109 
Melting 3:^nta, 4-0 
Menachatkin reaction, 86 
^&r«nthjLoe. 305. 313, 828 
Menthol. 09. 92, 103, 323-325, 816 
Menthone, 356-820 
MestboxTacetyl cbkirlde. 63, 08 
Mesthythydnubie. 61 
Blenthyl manddate, 05 
N‘[ - ^Me nlb^-fr-aniphainylbenioyl 

ilepacrine, 761 

1-MercaptobenxotKiaiole, 8S3, 623 
Mero^mene {meroquinsnltie), 680- 

Mesaxonic add, 100 
Mescali na, car Mezcsline 
Medtvi oidde, 841 
MeaobaimbJn. 793 

35, 50, 53, 63, 318- 
154, ISO. 127. 184, 136-186 
Afrwerythritoi. Ilf 
MrKJinodtol, m, 788, 747 
Me*o-icmic cornpoonds, 617 
Mesoporphyrio, T79, 790 
AfcMtaitam a^ 43, 50, 09, 118 
Mewxaiic acid, 087, 088. 701 


Mctabcmipinic add. 043 
Metalloprcrtdxui, 664 
MetWonino. 644, 545, 547. 548. 563 
Mctliod of Molecnkr RoUlkaa IHfler- 
eccea, 450 
Slethcayc^dae, 
7-Methcncy-15-f)d«jpenteooplKin- 
anthrene, 481 


^SeilioxydjglycolaJdehyde, 341 

7- McihQxy-3'^'-dimetfljrl-15-cy(io- 

pent^ophenantfarene. 488, 489 
Metlicxyhydnncymethyidigiycol- 
aidehyde, 241 

J-Mvtboxy'y-methji-l^S-i^yciih 
pentraophezuuxthrene, 488 
4'Mtlthoxy-2-njcthyl<iuliioUne, 618 

0- Metlwx^^^-methyienlnoUiae, tSS 
4-Metho*yqaLnoUne-i<*Tbaacyiic 

add. 037, 028 

4- Uetboxy'3:5-to}aenlnoiie, 440 
Methyl a^tate, 376 
Methyiabietia. 375 

5- Mctbyiadipic add. 300, 807, 815. 510 
Slethyl arbotin, 3S9 
ildhv^tion, 177. 178, 215-238. 371, 

806 

u* tlso Diazotnethane 
MeUaylcadalene, 808-364 
10*ldethylcb(^UireQe, 431. 441 
MtthjUyeiebexMM, ItO 

1- Methji^cinhexannl, 131 
I'&lethyl^vtohsxanoae. 182, 403 
f-Metbyl^viehexanone, tiS~tiS, 8S7 

4- UethylrydobexaA*SoQe*l- 

carbc^lic ester, 825 
3-Merthyh5>debccylaaiiQe, IH 
l-MetbYlcrdohc^dldene-i-acetic 
a^ 205 

l-Mgthyt^yigpro pan e-UJ-tricarb- 

oxyik tad. SS7 
O-Metbyieytoaine, 709 
;^-lIeth)’J-4:5-dia2nia!M»*x7lw». 7*9 

8- Methyl-l;5^iipbeay3pytaj»te, 6U 
Methyleoeglydne, 66? 

Methyl fmctodde, 284. 319, 200 
/AMethyiglacoiaaiiJHs, 350. ^ 
Methyl glnooelde, 222, 336, 219. U7, 
i40. 341, 344. S49 
«-Methyig3abuic a dd , 874 
Methylpyc*al, >97, 018 
I'Methylpfoxalioe, 617 

5- Methjdglyoxaline, 617 
4'JIeth7lgtfox*line, 618 

MethvUsopdietierine. 604 
Meth^wpropylaMtaide^^ 460, 
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l.Mctliyl-4-/*ai»opyln»phthaleT»e, 

aofi 

7-lIcthyl*l-iwpropyliiaphllialcne, 
3M, 566 

^•lIethyl-«-iJopropylpimclic add, 
5« 

Jlethyimorpbenol, OCl, 663 
c-Metbylmarphimcthlne. 649, 061 
^Methyimoiphimethine. 660, 661 
ilcthjrimorpbcJ, 660, 661 
3-ilctbyl-l:4-naphthJiquJnane, 768 
10-6Ietbylpbenoxai«liw-2-carboxyllc 
addi, 197 

Uethylpbenylmetbajiol, ui 
« - rtwy* tbyl benxciw 

Mothylphenylmrthyl cblorida, ut 
a-Chlorocthylbenxene 
5-Mcthyl-l-phenylpyraiole, 609 
5-BfetbyI-l-pbeQylpynuota, 600 
3-lIetlryl-l-phenyfpyrmzolcnie, 616 
5- M cn y 1 to 1 y 1 1 cIl or ocl u tn 

3-MrtbylpyraKrione, 6II 
Blethylncoiilc add, 00 
Methyl tartrate. 89 
BIctbyt tetrametbyl/roctaefdo, 254 
Methyl tetrametiiylglocoalde. 356, 

*-ltrt^thf4*<jIe-6-c»rtxjiyUc add, 

4‘MethyIaradl, 693 
ilcthylorea. 802, 700, 700 
Metbyltnic add, 693, 706 
^BtethyU-aleiic add, 40^9 
Metbylrinyhaibinyl bromide, 503 
Methyl vinyl ketone. 813, 398 
7-MethybainthlDe, 607 
Metcahne, ftpj 

Michael condeotatloo. 550. 34], 446, 
654 

Micro-wave •pectroacopy, 10-30 
MUJon’i reaction, 662 
ilirroT image iorma, 20, 43 
ilolecnlar compoanda. 3, 16 
Jlolcculor overcrowding, 166-169 
Molecular rclractivlty, 10-11, -SO. 

206. 310. 335, 360, 301. 481 
Molecular rotation, 11-13 
Moiecnlar \-olimie*, 7-8 
Molecular weighU. 7, 21. 275-375, 
277, 279, 662. 717. 802 
Mooattial Faat Dine DS. 803 
Moooaaccharide*. 311-260 
Morpbenol, 061, 052 
ilofphlne, 02. 648-063 

Mofphol, 060, 051, 652 
Morphotine, 537. 640 
ilorpholhcbaJno, 619 
iloungo reaction, 740 
Mode acid. 216 
Mudlagta. 260 


Morcddo, 088, 060 
Motarotatlon, 318-220 
Mycomymn, 105 
blytosterola, 430 
Myrcene, 396, 380 
Myroain, 200 


N 

Kaphthacene, 416 
Kaphthalene-l-carbaxylic add, 464 
3-Naphthol. 139,424 
y-l-Naphthyl-fcydjpbcnTlallene- 
«-carbaxylic acid, 166 
2-Napbthylpbcaylpboapboraiiildk 
eater, 192 
Narcotlne, 06, 648 
Kcoarapbenamine, 764 
Keobilmibic add. 792 
Naopentyl bromide, 88 
Meoprene, 3S4 
Kcoaalvamn, 704 
Meovitamin A,, 402 
Nenl, a/a Citial-b 
Keroi. 3D4 
NeroUdol, 367, 369 
Negtron cryvtaUography, 22 
Kladfi. U4 NkoUmc acra 
NlcotinasOde, 744-746 
Kicotine, 37. 607-613, 744 
Klcodnlc acM, 699, 607-609, 744. 746 
Nlcotose, 611, 012 
O-Nrtrodlpbemic add, 160 
Nitrogen compounds, atereochenistry 
o/. jeo-ioi 

c-Kitropb«nyiglyoxylic add, 100 
NltrosaiicyUc add, 181 
o-N*Nltrc«o-/7-benioyltolnldinc, 610 
Nltroaolimonene, 317 
O-Nitrooradl, 693 
6-NitTonradl-4-carba*yUc add, 602 
Noradrenaline, 696 
Norbixln, 396. 40t 
Norcbolanic add, 430 
Norepinopbrine, Ui Noradrenahno 
Nortradne, 644, 545 
NoijjIdIc add, 334 
Ncn-ocalne, u* Procaine 
Nocleor magnetic reaonanco, 22 
Koddc acid*. 708, 716-718 
Kadeophillo (anionoid) rengenta, 77 
Nodeoi>nrteini, 709 
Nocleoiidei. 708. 709-714 
Nadeotidea. 703. 709. 714-716 

O 

Odmene, 207 
Octan-2-oi. 75. 81. 203 
(Eatradiois, 466. 487-468 
(Eatriol, 484-4r7 
(Hat r oc ^ , 480-101 
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Lydne, MS, 647. M8, 6S3 
Lyxotc. 21J-21B 


M 

M *nd B OOS. 789 
I>lAcl«od eqaAtioii, 8 
Masnetic iadacticBEL, 10 
Mt^etic optical rotation, 18 

Mtg&fltic permmbOitr, 16 
Magnatio soaceptibilify, 16-16 
MtJtmic add, 

Ualdo add, 100~103, 106-106, 109, 
ilJ-114, 1*0 
Maldc diaJddtyde, 629 
aielic add. 43. 00, 73. 73. 100 
ilAlcroic ntnr tystbotes, st* Ethyl 
malosato ayntlmea 
ilaltue. 223, Ud. 261 
Jfdtol. 77J 

ilaltoas. *48. 262-26S, 575. 277, 273. 

S78 

Malvddla chlortda, 669, 671-072 
Malvin, 671, 678 

^Unddic add, 66, 6Q. 66, 63, 2S8, 660, 

OH, 741 

iUAdelci^trilQ, 67. 286 
Manaana. 180 
Manniaotrioaa, 168 
llansoM. 88, 86, 316-3U. 219. S31. 
280 

Uarrlaoolic add, 486 
ilaerweia-Poiuadorf-Vetley redac- 
tion, 98, 846. 4S5, 774 
MeUbiow, 218, 243, 267, 269 
MdtiBg pcdnta, 4-5 
Mcnacbctldn reaction. 83 
^Menthane. 308. SS3. 825 
Wthcl. 69. 92. 201. 828-325, 836 
ilenthone, 126-836 
Meatboxyacetyl chloride, 62, 61 
MeEQtbylhydraiiao, 61 
Menthyi monddate, 65 
J^-{--|^^ Um thyl-jHro]phamyfben»oyl 

Mepacritie, 761 

I-Maxaptobeaxothlatole, 188, 628 
Mercu^iieno (meroquincnine), 630- 

Mesaconki add, 106 
lleecaline, cm Meacahna 
Maaityl cadde. 341 
Jloaobilirabin, 793 

M^so-compcnixtiM, 25, 50, 51. 61, 128- 
114, 118. 1*7, 184, 115-1*6 
MMoerythritol. 21* 

AfMoiaodtoU 180, 718, 747 
4Ie*o-ionic cotupottoda, 027 
Mooporphyrin, 779. 7W 

Af*« 1 artail£ add. * 1 . 60. 60. Ill 
Mgfgtaiic add, 687, 688. 701 


Mctahemipittic add, 643 
Uetalioprotdni. 604 
Methicmine, 644. 645, 647, 648, 561 
Method of MolecaUr Rotation IMer- 
cnces, 466 

Methoxycafidne, 701-703 
7-6IetlK)jcy-lJ-«dopettteotq>hen- 
anthrene, 4st 

llotbcxydiglycolaldehyda, 241 
T-Metboxy-l’iS'-dimeUsyl-lrl-CT^ 
peartenophenanthn^, 4H 489 
MctlwafyhydftMcyjnetliyitiiglycoi!' 
alddiyde, Ml 

7-Mcthoxy-8'-methyl-l :t~cycto~ 
pentsnophenanthreDe. 488 
4-Metlifwcy-l-merthyJqai0oiina, 52S 
0-Matbcocy-4-metliylmt[fK>lina. OSS 
4'MethoacyQainoUne*3-caxbaxyHe 
add, tkl, 028 

4-Afetboiy‘l^toJBqtiiDona, 446 
Methyl aUeUte. 176 
MethylaUetin, 176 
^Methyladipicadd. 100. 307, 125. «« 
Methyl arbotln, 189 
Methylatioo, 177, 178, IM-aO. *71, 
506 

uf Mlto Diaaotnetbane 


Mathylcadalene. 801-164 
tO^MethyiehoUathreae. 411. 441 
Methyl^d^^axuis, 110 
S-Metb^ydehexa^. Ill 
l-Methyi^t/eberanctoe, 182, 401 

3- Uethyl^«idj«iacone, 125-810, 827 

4- Methyl^«tehexaji-2-ca»'l- 

carboacylio eater, 135 
l-MethyUjwharylaxnine, lH 
l-Methyitj«fchexyildene-4-acetic 
add, 165 

l-lfothylrysicpropaaa-l£3t3-tricart>- 

oxylic a^, 837 

0- ifethylcjriealne, 709 
i^-Methyi-OdSHiiandno-o-xyloaB, 7*9 

5- Meth;^-6;6-dimothcnEymntl^^ 

S-ilethyl-RB-dJpbeig'lpyittwfe* 
Methyiesegijrdne, 657 
Methyl inKtodde, 2**, 289. *60 
//-Mftthylglacoeajxilne, 2*0. 

Methyl glotaaalde. 312* *16» **9* 
iiO. 143, 244. *48 
«-Mettylglataric add, 874 
Metfaylglycoal. 197, 618 

1- Methylgiycnral ina, 517 

3- Mflthyl^yoxaiioe, SI7 

4- M*thjrl8lyaralitio, 618 

184 

Metli^i«pelietierii». 604 
Mcth^ffpropylwdaJdfl^^ 4W. 
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l-Ucthyl-t-fwpropyliiaphthalcTW, 

3(U 

7-Mcthyl-l-/wpropylJi»phtiialene, 
SoS, 3UI 

S'-MrthylHt-fiapropylpImeUc add. 
liJ 

MethylnJOTphewd, 651, 655 
a-UetbyimorphlmethiDe, WO, 661 
^MeUiylniorphimethine, 660, 661 
UetbjliDCjrptm. 650, 661 
•-Methrl-lJ'I'naphtliBqalncrne. 766 
10-UetbylphcnoxM»Iii5*5-c*rboiyllc 
197 

MfthylpbetrylmetliaiK)], «m 
g-HydruiyttbylbcotiMio 
ilethyipbenyiinethj*! chloride, ut 
r-Chloroetbylbaiiena 
J-Uethyl'l-pbenylpyriiole. 600 

6- lIcthyl-l-pbenylpyruiole. 609 
S-Uethji-l-pbeiiylpyTuoIaae, 616 
S-lIei^t^icnyl'^tolyltclliirc«uam 

S-MctfaylpyiaxoloDo, 615 
ilethytn«iiiic add. 60 
Uetbyl tartrate, 60 
Methyl tetnjnetbyUractaridc, 5W 
llrth^ tetiamethylglacodde, 556, 

4-Mrt^lfMiTQte 6-cafborylk add, 

4-MetbyltiiadL, 695 
Methylttrea, 695, 700, 705 
Uetbytarie add, 605, 704 
^Methylvaloic add, i6-i0 
MdliylTiiiyicarblnyl bromide, S05 
Methyl vinyl ketone, 313, 308 

7- lIcthytiijithiaa, 697 
Mezcalme. 691 

Michael coodenaatkm. 330, 343, 446, 
634 

lOcTD-wave apectroacopy, 19-50 
MiUon’a reactkai, 663 
Mnror Image forms, 58, 43 
Moiccolar cotnpooDdi, 3, 16 
Motecnlar o\-ercrowding, 166-168 
Molecular refractlvity. 10-lJ, 223. 
_ 596. 339. 365, 369. 361. 481 

Jloloailar rotation, 11-13 
Motanlar volamea, 7-8 
Moiea^ wdghti, 7. 51, 373-375, 
*77. 579. 662. 717. 805 
Monastral Fast Bine BS. 803 
Jionoaacchaiidei, 511-560 

Mocpbenol, 661, 662 
65. 646-663 
M«Pi»l. 660. 661, 065 
Mocphoiino, iZ7, 640 
Motphotbebaine, 649 
Moongo reactkm, 740 
M ode add. 516 
Mudlago, S80 


Moroxide, 688, 680 
Matarotatioo, 218-520 
Mycomycin, 166 
Mycosterols, 430 
Myrcene, 290, 380 
Myroain, 590 


N 

Naphtbacene, 418 
Naphtha] enc-5-carbcocyUc acid. 4W 
2-Kaphthol, 139. 424 
>“l-Naphthyi-«:y-d]phenTlaIleoe' 
aHmrbdxylic acid, 1 m 

5- Naphthylphcnylphosphoramldlc 

ester. 193 
Narcotine, 60, 648 
Neoniaphcpanune, 704 
Neobllirahic acid. 795 
Neepenty] bromide, 88 
Neop ren e, 384 
Neo^vanan. 764 
Neovitamln A,. 405 
Ncral, ut Citral-b 
Nerol. 304 
KeroUdol, 367, 368 
Keatnm ays ta ll ogiapbv. 22 
Ntadn, *#« Nlcotuuc acid 
Nicotmaiolde, 744-746 
NlcotiAe, 27, 607-613, 744 
Nkotlsic add, 698, 607-609, 744, 746 
Nkotooe. 611, 615 
0-Nldodipbenic add, 160 
Kitroftneomperands, stearo cb emlstry 
of, 169-191 

o-Nltropbarylglyoxylic add, 100 
Nltroaalicylic mM. 181 
e-N-Nltroso-N-benroyltoluidinB, 610 
NltTosoUmonene, 317 
O-NItronradJ, 692 

6- Nltronradl-4-caxboiylic add, 692 
Noradrenaline, 606 

NorhlTin, 396, 404 
Norcbolanic add, 439 
NorepiDepbrino, st* Noradrenaline 
NorlmdiM, 644, 545 
NoTplnlc add, 334 
No^waina, sm Procaine 
Naclear magnetic resonance, 55 
Koclek: adds, 708. 716-718 
Nocleopbllic (anloncnd) reagents, 77 
Nocleoprotelna, 708 
Nncleoaidee. 708, 709-714 
Nodeotldea, 703, 709, 714-716 

O 

Odmene, 597 
Octan-2-ol. 75. H. 203 
CEstradiols. 486, 487-488 
(Eatrioi, 484-467 
(Eatrog^, 480-404 
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CEctrono, 480-484, 486, 486. 801 
Oil of ambrette, 3M 
bay, W6 
bergamot, 308 
camphor, 338 
caraway. 313 
edery, 364 
chenopodlam, 3S1 
dtrooeUa, 300. 307 
cnbeba, 380 

cncalyptna, 330, 317, 365 
feimeJ, 363 
geranlam, 307 
^ger, 360 
lemon, 317 
iomoQ grau, 208 
myrrh, 368 
noroll, 306. 367 
orange, 105, 317 
orris root, 303 
pennyroyal, 328 
p e pper mint, 317, 321. 325 
pine neadlo, 321, 323, 330 
roM. 304, 306. 307 
fpearmiflt. 313 
tnrpontliis, 317, 331, 371 
verbena, 206 
Opacity, 17 

Oppeoaner oxidation, 447, 467, 461. 

472, 476, 496, 406. 407. 460, 003 
OpiOpynTjle. 777, 778 
OpeopyiTolecarboxTUc add. 778 
Opti^ activity. 11, 25-28, 30, 108 
canae of, 67-70 

Optical e^^tation. 11, 165, 860, 361 
Critical inveiakm. »*$ Walden In- 
versJon 

Optical laomerlam. 26-70 

St* tlso Stereochmnlstry 
Optical Saperpotition, Rnle of. 18, 226 
Ornithine. 640, 648 
Oadne, 022 

Osmium tetrootide (ose of}, 114, 117, 
437. 447, 604 
Osotrlaxoles. 618-614 
OxadJaiolea, 626 
OraxiDca, 640 
Oxa roles, 610-610 
Oxaxofames. s** AiUctonet 
Oxidases, 676 

Oximes, u* Aldorimes *nd Ketoxlmes 
Oximino compoonds, 616, 035 
Oxoninm salts. 6, 607, 077 
Oxycaffeine. 701-708 
OijdiemogloHn, 770 
OxonolTsls. 188. 164, 165, 206, 107. 
101, 804. 306. 807, 340, 353, 350. 
358, 360. 361. 864, 805, 807, 808, 
300, 877, 881. 888, 889, 804, 895, 
398. 400. 407, 405. 409, 031, 761, 
764. 760 


»-Complo*, 116 
Palndiuie, s** Prognanll 
Punaqtiln, sts Flaamoqoin 
Pantoic add, 783-714 
Pantolactooo, 783-734 
Pantothenic add, 731-735, 730 
Papain, 03 

Pafaveraldlae, 643, 646 
Papaverine, 643-^7 
Papaverlnic add. 643, 046 
Ripavorlnol, 648, 646 
PapavemUne. 641 
Parabanic add, 689, 600 
Pantchor. 6-0 
Pimunagnetism, 10 
Patnlln, 773-773 
Pectin, 180 

Pelaigonldln chloride, 659, 668-666 
Pelarnocin, 6M, 669 
PeHetierine. 604-000 
^PcBetierioo, 601 
IVnaJdic add, 767, 768, 769 
PrnldTJamfne. 765-760, 769 
PonlcOlhui, 766-770 
Panidlioic acid, 707, 708, 760 
Pe&mic add, 768. 760 
FeoimcaldehWe, 766, 767. 769 
PenlUdc add, 707. 700 
1:3:4: 5 ; O-Pen U'ace tylaldebydcK 
glocoM, 119 
Pentacene, 419 
Pentan-l-ol, 66 
Pentosans. 280 
Pentxmi, aldo, 213-215 
PeonMln chloride, 660, 603, 670-671 
Peonin. 070, 671 
Peptides, 604. 505 
PeptooMS, 604 
Ferbonan, 884 
Perhydroeaxoteoe, 388, 397 
P^ydrocnxotin, 406 
Perhydrolycopene, 804 
Perhydranorobdn, 404, 408 
P^ydrosqualene, 377 
P^ydrorltianin A, 397, 398 
Periodic ^d (nso of), 238-245. 169. 

174, 178. 447, 712. 716. 773 
Parkin reaction. 400, 433, 600 
Peryieno, 414 „ 

~ horbldM. 791-794, 798-709, 


jeophorh4de-5, 793-794 
jBO^ytin m, 794 
jBOphytln 6 , 704 
^oporpbyrin-#^ 700 
MMd ^RwHandrenes, 310 
renanthrene, 407-413, 649 
enanthreno derivatives (synthesis 
of), 400-418 
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pheinmiitbraio-l;7-dlcarbaxyllc add. 
*75 

Pbcpadne. 531>-540 
Pbeoobarbltono, xm Lomlnal 
Pbenothiuliies, Ml 
phenoxuliie*, 540 

nienylalanine, S28, 544, 545, M7. 

M9, 550, 551, 551, 58S 
Pbenjl axlde, 6*4, 518 
Fbenyluomalononitrile, 5*5, 608 
l-Hienyi^r/oheiaiiol, 144-146 
RieoykyficiliBxenoi, 144-146 

OS 

0- PbmyVmiiiH>Jntnri, 510, 626, 538. 

Its 

JT-a-Fbcnylothylacetamido, ISA 
p-HicnylethylamliLe, 6S8 

1- Phanylothyl bromide, 413 
a-Phanylethyl methyl ketozlme. 188 
l-Flienyl-J-^-hydroryphcnyl-l:i:3:4* 

tetnihydfolxopboephlnoliflhun 
bromide, 103 

lO-I^^rl^bmaxartlno-l-carbozyUc 

HienylpK^llc add, 112 
1-PbCT y lp y nucole. 614 
l-PbcnjdpjTMole-4-eJdehyde. 514 
J/-Fbenyl-?/<^tolylaiithiuUk add. 

Rieiiyl p-tolfl ketoxliDe. 176 
Rdona^dsaldehyde, 4^, 607, 671, 
672 

Ehlarodudool, 660, 665, 666, 668. 

670, 671, 071, 670 
nu^ilwproteliii, 564 
^’ho^jboma cotnpotnidj, aterecK 
chemf i try of, 191-104, 199-100 
PhotOfynthett, 281 -S 8 S 
FbthalaztDea, 5^, 803 
nithalocraninei. 800-804 
PhthalcuMe, 801, 801 
Phthiocol, 756 
PhyUoerythrln, 709 
PhyUopcrphyrin, 795. 707 
PhyUopyiroJe, 777, 705 
IliynopTrrolecarboxyllc ac4d, 779 
o-PhylloqiilnoDe, t*$ Vhamin Ki 
Riywloylcal condlticBM. 378 
T’hytol, 349-871, 751, 7M. 703, 798 
PliTbwterd*, 430 
Riytyl bromide. 750, 761 
Rcoie, 424, 429. 497 
™5Ualc add, 601, 607-609 
Pbnaric add, 176 
Phoellc add, 617, 740 
Hnioo, *31 

■•Ploene, 69. 831-338, 345. 350 
^»nd i-Rneno, 339 
Knlcadd, 3*4. 335 
riootSM 
Unol llycoJ, IJI 


Plnol hydimte, 33S 
a-Finocic add, *34, 335 
Pipcndnee, 538 
Plporic add. 605-607 
Piperidine, 586. 605, 607 
1-Pipcridone, 185 
Pipwine, 805-607 
Piperltoiie, 897 
Plporonal, 605, 606, 628 
PipercnTlic add, 605, 606, 027 
Plase of aymmetiy, 43 
Plant harmones, $44 Aoxlns 
Plaamoqoia, 761 

Rilar boodi ({a cydoheiane), 120 
Polariaabillty. 16 

Polycydio aiomatic hydrocarbons, 
11. 407-418 

Polypeptides, 664. 687-574 
PoIysaccharidiM, 7, 170-181 
Porphln, 780-781, 784-785 
PorphobQinostn, 791 
Poephyiiii*. 776, 782-784, 799 
Pregnano, 500 
Pregnanedk)!, 408, 500 
Pregnanedione, 800 
Prcgnesokme, 4D5, 406, 497, 503 
Prlmeveroae. 185 
Probability farter, 78 
Procaine, 616 
Progesterone. 494-409, 501 

^^edto^ fornmlae, 34, 38-43 

PioUne. 544, 546, M7, 063 
Prootoail. 760 
Prontoail S, 761 
Propergylaidehyde, 519 
Proethetic group, 664, 574, 677 
Protamines, 564. 708 
Protdns. 7, 381, 543, 561-574, 770 
P rot eo ses, 564 

Protocatecbnic add, 503, 605, 627, 
650, 660. 666, 670 
Protopraphyiin, 770. 780 
Pranuln. 2^ 

F^cbon synthesis, 409, 423, 650 
rtoudo-amrmiDetry, 53 
Psfcose, Xio. 117 
Pteridines, 541. 736-737 
Pterins, 738 
Pteroic add, 735 

Pte roy lgintamic add, ui Vitamin B, 

Pnlegoae, 826 

Pnrlne, 665 

Purines, 687-707. 708 

Porpnrlc add, 6M 

Fyiuose sunn. 119, 126-245 

Pyrarines, 637-538. 787 

Pyrasole, 508-510 

Pyraxoles, 509. 610-514 

PyTaiole-3:4:5-tricarbo*7llo add, 609 
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PynitoI©'S:4‘.S*tTiaitbca:yUc erter, 618 
Pynioiidinc, 610 

Pyraiolhw*. SS7. 510, 611. 615. 614 
P)7itxoloa«*, 61S, 5ia 
PjTttoe. 424 

Pyridfcxfaw*. 455, 468, 539 
P3^dio©-X:5;4-tricarboxylic add, 687, 
044 

Pyridcadn, 741-744 
Pyrimidine. 619. 633, 687 
I^Timldinfst. 539-537, 606. 697. 709. 

7S3-714. 785. 7«, 7*7. 787. 760 
Pyrodcoxybiliiinic add, 444 
PyromoUltic add. S6S 
Pyrropofphyrin. 796, 797 
Pyravic add. 92. 168. 318. 727 


Qaasl-raccmk compooiHis. 50 
CHt&temary ammtmfam componmU, 
169-172 

Qaetdtin. 078-681 
Qnercitrin, 079 
Qalaaadiae*, 530 
Qtiiaidlna, 64. 65, 639 
^inlne, 62. 05. 6U, 637-643, 734. 
761 

aJc add, OT-OM. 630 
jiona. 637 
. *88 

w, S91. 608. atff, 6M, 745, TSt 
sadd. 806, 746 
.639.641 
folnoxalinqt. 639. 730 
jtcUdine, 634 


R 

Hacemic modification, 53—60 
readatioa of, 60-Q0 
RacomUation, 53-67, 108 
Paffin<3>ft, *68 

Haman apectra, Absorptloa 

tpectxa 

Roananfements, 85, 182, 185, 186. 
301, 303, 305-306, 814, 318, 345. 
550-351. 357. 871, 898. 405, 416. 
417, 459, 4S2. 487. 493, 817, 586. 
6*3, 61$. 636. 650. 676, 600. 697. 
768 

Redoctlc add, £50 
RfidQCtoQM, *56 

Raformataky reocUoo, 92. 199. 348. 

154. 181. 866, 401, 483 
Refracbcr, 0-10 
Retractirt index, 1&-H 

«a mIso Uolecultr rcfroctlTity 
Rdmer-Tfemaim roactioc. 551, 606 
Replacement reaction*, 76 


Residaai valecdcs, 1 
Retifl adds, 371 

Resolntion, wa RaCetdc modificaiiQa 
ReaonaiKo, 4, 11. 15. 19, *0, 35, IM, 
263-163. 2W, SIO, CIS, 538, 527, 
634. 605, 780, 804 

Re*tricted ndaticn abont a tingle 
bead. 81-15, 150-16S, 184 
Rgtene, 873 
KetiDCQej, 403 
Rhananote, 280, 673, 679 
Rhodioai, 806 
Rhodloo], 306. 107 
Rhodopoarp hy ^, 797 
Rhodoxanthin. 404 
Ribofiarin, m Vitandn B| 
Ribooadeic add* (RJi.A.). 708, 717- 
718 

RJboac, 3U-315. 708, 711, 716. 711, 
785 

Ribnioae, 381 
Ridoine, 598-000 
Rndn, 171 

Rotational iaomei*. 35 
Rotatcay dispenloa, 11 
Rotatory power, 11-18 
Rabber. 381-384 
Robber*, vyntbetic, 384 
Roberythifc add, 185 
Robixanthin. 404 
Rabrexie, 418-419 
Robrene petmido, 419 


S 


S» reaction. 76 
Sji reaction, 77 
Sgi reaction. 83 
Sabinnie.llO 
Sabinol. 3*9 

Saccharic add. 38, 61, 316, SIS, S48, 
261 

S*ch»e-llohr theory, 1*5 
Salidn. 389 
SaUcyl alcdiol. £89 
SaUcowvki reaction, 431 
Salvaisan. 763 

add, 376 
Sapogenixu, 497 
Saponin*. 497 
Schmidt reaction. 550 
^eroprotdo*. 561 
Scopine. 6£3 

ScopoLmUne, w* Hjnactoe 
Scopoline, tc* 0*di» 

ScyWtol, 115 
Secondary Talendei, S 
Sedobeptnloee, 281 
SeleniamcompcFnnd»,»tsreocbom»»T 

of. *09 
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Sdenhira dehydro^CMtlons, 208, 104, 
303. 300, 173, 308, 410, 418, 
414-417, 433, 430, 430, 432. 436, 
440, 443. 443, 483, 481, 483, 488, 
480, 497, 748 
Selinenoi, 304, 367 
Seml'd-cuTjtcBCMie, 391 
Seoedolc add, 370 
Soiiifi, 844, 845. 847, 848 
S«x bonnonea, u* Hormoaei 
Shift, Rale of. 11. 486 
Sj IW*' compocods, itereocbeniietry 
of, 308 

SUicoQO rabben, 384 
390 

SlcBT coalormatkjn, 34, 128 
Skrup lynthesla, 607, 608, 763 
Sobrerob 332 
SobniTthiitol. 133 

Sodium borobrdiido (oeo of), 447, 
480, 610 
SolnbOity, 6 

Sdvitkm eflccU, 13. 17, 81. SS-67 
Somiodet reactloa, 614 
Sorbitol. 15? 

SorboM, 316, 217. 319, 387 
SAremen formol Utratloo, 887 
Spatial effect, 1 , 1 16, 160-168, 372, 088 
Spedfic retatloQ, IS 
Spina, 168-167, 178, 188, 103, 196 
Squaleoe. 177, 380. 409 
StadiTdiiiM. 619 
Stagnred form, 14 
Stareii, r8-379 

StereochemiaU canventkmi, SS-34, 
37-41, 113-118, 137. 311, 463 
Stercocfaemirtiy, 18-310 
addltUm reasons, 111-118 
aldoxlmea ketoximea, 176-160 
alkaloids, 689, 690. 694. 605. 619- 
631, 634 , 636, 630 

tlleoet, 161-166 

antimony compoundi, 100 
anenlc compounds, 104-300 
dkntbryU, 161 
dinaphthyli, 163 
diphenyls, 148-103 

dlpyridyU, 161 
dfpjrryU. 163 
dfqainoljis. 161 
eflml natioc reactions, 111-110 
Sennaniain compounds, 300 
“itrom compounds, 169-191 
oiefiitic compcRiiids, 100-131 
P*i«oylprrrdes. 161 
pbosphonis compounds, 101-104. 
199-300 

P®iynntlear compounds, 166-168 
ring compounds, 123-146 
rotation (other fhnn 
aipaenyl type), 162-168, 184 


■denlum compounds, 109 
sflicon compounds, 108 
•plruns, 16^167 
aterolds, 463-460 
■Qgan, 311-136 
stjfohuT com p oends, 301-308 
teuarhun compounds, 310 
terpenes, 333, 334, 326. 338, 343, 
344, 846, 382 
tapbrayls, 168 
tin compounds, 209 

iM «Uo Ge^etrkal Isomerism 
Stetcobomeis, numbers of, 46-63 
Stereomutation of geometrical 
bomen, 119-131 
Staric acceleration, 89, 143, 189 
Sterlc control of asymme^c induc- 
tion, rule of, 96 
Stetic factor, 78. 87-89 
Steric hindrance, 88-89, 143, 146, 160 
u* aho Spatial c^ect 
Steric repulsion, 36, 87-80, 188-130 
Steric tbaln, 87, 87-89, 128-189, 
187-168 

Sterodds. 430-804 
stereochemistry of, 463-469 
Sterols, 463, 467-470 
Stigmijrtanol, 467 
Stigmastarol. 430. 467, 406, 802 
SUibene, 181 
StUbene dibromide, 119 
StUbmstrol, 491-493 
Stobbe candensation. 41S 
Stralnleesrlnn, 128-146 
Streckcr syntbeals, 844 
Streptamine, 770 
Streptidine, 770 
StreptoUcsamlne, 771 
Streptomycin, 770-771 
Streptooe, 771 
Styrene, 87, 384 
Styrene dlbromide, 67 
Soberooe, 618 

Substances, P, H, M, Q, S, 602 
Sabetrates, 674 
Sacdnaldehyde, 619, 026 
Sucdnlc add, 100, 109, 206. 360, 382, 
412, 784, 786 

Socdnic anh^ride, 410, 421 
Sucrose, 259-361, 160. 703 
Sunn. 68. 311-350, 353-369, 381 
Sulphadiarine (Sulp^pyrlmldino), 
760 

SulphayuantfUne, 760 
Salphamexathine, 760 
Salphanilamide, 769-761 
SoiphapyTidine. 760 
Snlphathiaxole, 760 
SulphlUmlnca, 206 
Sulphinic este rs , 203, 806, 207 
Snlphonamides, 769-761 
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Solpboflicun lalU, 201, S08 
Sol^sora^uai, SOS 
Solphco^, 103, too, 207 

S^phxLr compooiuU, ttereocb«ml*tTy 
of. S01-»8 

Stdpbor d«b7drogea&tiQia. 300. 300. 
301. 360, 366. 360, 373. 376, 408, 
414^17. 434 

Sopimstfiroif I &nd U> 403 
Samce tanrirm, 8-10 
SydocouM, 636-637, 667 
Syivotrsne, 333, 339 
Symmctiy, 
alomeats of, 43-46 
Sys-ccrmpoomis, 180 
Syrto^ udd. 671, 673 


Tachytierol. 463. 463 
XtntOM, 316, 317 
Tusaincic adi^ 816 
TaIom, 318-316 
Tanrrfrtt, 67S, 686 

Tutadc add, 41-43, 60. 61. 63, 66, 
100. 118, SL3, 363. 690, 694, 603, 
606, 618 

Tartaric add dinltrmta, 617 
xi'TartraaUdfl add hydrarida. 63 
TaarifiB, 470 
TaoroeboUc add. 470 
Itotomfiriam. 10. 10. 30, 54-66. 64, 
17S, 351, 353, 303. 894, 435. 609, 
611, 616. 816, 617. 630. 631. 633. 
638. 531, 585. 663. 678, 680, 687. 
688. 090. 692. 694. W6, 703. 7«, 
737, 777 

TdlorhuB compotmdi, cterao- 
cbemiatry of, 310 
Terabic add, 311 
Terpenat, iotrodnctkia, 393-396 
dkcfpe&af. 393, 

mcooterpesaa, 393, 393, 394-390, 
395-8M 

polytarpeaw, 393, 381-383 

, 393, 3M, 394-365, 


trilctpexm, 393, 377 
Tarpeoytic add, 810, 311, 333 
Terplwttnrl c oa ipo ua da, IM 
i:4-Tsrx^ 819. 331 
IrS-Tacpln, 818-319, 320 
a-^, ca4 y-Terptnanaa, 319, 831 
a-Teipififlal. SOS, 809-618. 814, 617, 
316, 333. 333 

f - «»4 ^Torpiaeola, 313 
erpin ayOxata, 119 
Tcrplnolaoe, 319 
Terramjrcin. 771 
Teatoatenaoa, 478-460 
1 ; I:3:3-Ttraath ox yptop a oe, 609 


Tetrahadral carbon atora, 37-33 •' ' 
Tetrahydroabiotlo add. 373 . ’ ' 

fc-Totrddxaa, 409 - r.' • ' 

l:3:3:4-Tetrametbyifydobtttanc^ • 44- 
45 * ' ' 

1:8:4:0-Tetraioetb7!ln3ctxiiie, tS4 ' • - 
l‘4:4,‘6'TatrtiQsthyUnict^,335.3% 
360 

3:8;4:6-TetTamatfaylgalactoae, 366, 

167. 369 

3:3:4:6'Tetramethyl3looQaio add. 

338. 367.368 

S:3:6:6*Ta(iatnetb]dBtDconio add. 

330. 363. 366 

S.'8:4:6-TetnLnutin4riQcsadidcioa. 

237 

3:3:4 rO-TetxametitylslQcnM, 330, 235- 
227, 346, 309, 363, 363, 366, 366, 
368, 373, 374, 37B, 377, 378, 383 
384.388,380 

3’^J.i^TetnLrMthyi|laoo>B. 338, 346 
TetraiDctliylap4rD*(l:l')-dhi7rroU' 
dinlntn ^tdoaneaolpoqaate. 171 
I*. l''J^JJ-TetTapbeiiyl>3Jl’-dipyT- 
aaolTl 511 

lrl'dt6'-Tetrac4ieaiyi*3J'-dipyr- 
aaolvl, 611 

Tatnuaaetityftbianuii dlnlpbida, 333 
TatcamtrUiylmic add. 70S, 703 
Tntruliiea, 541 
Tatrazolaa, 638 
TatroM*. 311-313 
TbebalDe, 648-551 
Tbabantzu. 649 
Tlisofaroiacaa, 705-706 
TTwopbymflo. 704, 706, 711 
Tldanttlna, tt* Vltamlft Bj 
T htanlim ni dicodda. 304 
ThUiote, 531-533 
TbiaxdM. 631-513 
TldaaoUdineaj^ 767 
TlUaxtilioe*. 522* 706 

l-fS-ThtenD-vaJaric add, 741 
Tldcasddea, 531, SSI. 713. 733 
Udochxcioe. 737 
TJdojlacoae; 390 
TlUMydrairtofaia. 653, 673 
Tbiontiric add. 633 
Tldotm*#. 631. 634. 535, 635. 

TluBpa reactkm, 491 

Tbrie-cnatte i«*ctioo, 79 

Tfax^3-brwBiotKrtan-3-oi. 114 j 

Tlttwric add. 368 

Tliiwloe, 544, 545, 864 

Tliroow. 113, 361 

T1n])aae, 338 

a-TbaJeDe, 339 

Tbak^, 330 

Thum alcotol, 319 ' 

TWidto*, TOO 
Tliyiatoc. 635, 709. 717 
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TbyronlDe, 

Thyroxine, Wfi, &51, 55&-561 
Tin compoonds, ttereocbemlitry of, 
•00 

■-Tocophexol, 747-751 
^Tocopherol. 747. 761-751 
y-TocopheroU 747, 768 
6-Toeopherol, 752 
Tolxn, 118 

o-TolneoediMohydroxide. 610 
To^ WtCT». 849-860. 477 
TPN, 780 

TnsM-nddltkm. 111-118 
Trantaminues. 576, 670 
Tzanaition atatc. 79-81, 80. 87, 118. 

119-180. 101. 610. 670 
Tramition temperatnre. 01 
Tranimlttance, 17 
Tranaold form, 54 

Tranbe ■ynthexb. 695-094. 000, 098, 
699. 700, 704. 707 
Trehalose. 868 

«*J;4-Triacetaxyiicetophenane, 604 
«rf:4-TrUcBtoxy-6-raethoxyaceto- 
phemne, 6U 
Trionnes, 641 
Trlasnki, 623-626 
Triehlorocrotoiik odd, 107 
2:6;8-TrlchloropnrloQ, 696. 097, 098. 
699 

Trigonelline, 698 
Trihydroxycoprostanic add, 476 
Trihydrozygtataric add, 61, 213, 814. 
816 

•i3:4«Trimetboxyacetophenone. 604, 
666 

S:3:4-Trimethylarabliidactone, 253, 
255 

2:3:5-Triinethyiarabinolactooe. 213, 
836 

2:3:4-TrimetbylaniblnaM. 258 
8:3;6-TrhitetbyUTablnose. 355 
3:4:6'TTlinethylfntctote, 880 
3:4:6-TriiDetliyllnjctnrQnlc add, J54 
3:4:0-Trlinethylfnicturonlo eckl, 256 
2:3:4-Triniethylglacose, 808, 8O7, 168, 
800 

8JrO-Triii»th3rlghico*e, 202-863, 203 
860, 870, 876, 878 
5:6:0'Trtni«thylgIacose. 848 
Triinethyl/toalloxaxlne, 789 
IrlKl-Trunethylnaphthalene. 504 

4:6:8-Tiimethyl-l-pb«naiithrylacetic 

add, 167 

Trimethylphenylarsoalom Iodide. 103 
/hjf:y-Truii(rthyfplmellc add, 504 
Tnmethylqomol, 760, 751 
TriracthytacdnJc add, 539 
Trimetbyltlirennamide. 863, 854 
stir^-Trlmetbyltricarballyllc add 
539 


Trimethylnric add, 702, 703, 704 

J:4:6-Truiltrattilbene, 93 

Trlphenylffo-oxatole, 183 

Triphonyimothyl chloride, 848 

Triaacchaiidea, 368-869 

Tri-o-thymotlde, 66 

Trityl ethen. 848. 267 

TrOger'a base, 176 

Tropococaine, 686 

Tropane, 616, 610 

Tropdne, 621 

^Tropelnes, 021 

Tropic add. 615-014, 688 

TropQideno, 617, 618 

Trofrine. 618. 616-681 

^troplne, 619-681, 680 

Troplnic add. 616. 010. 017, 622 

Tropincme, 616. 017. 018, 019, 020. 

085. 624, 626 
Trnxflllc add. 114-185 
Tnudnlc add, 184, 125-126 
Tnixone. 126 
Trnxonk add. 186 
Trypanamlde, 764 
Tryptophan. 646, 648, 561, 663 
Tyiamine. 690-601 
Tyrodne, 646, 647, 549, 561 , 668, 661, 

091 


U 

Ullmann fyntheds. 148. 407-408,483, 
669 , aw 

Ultracentiifago mea mr ementa, 275, 
881. 668. 717 

Ultraviolet absorption spectra, se# 
Absorption spectra 
UmbcUolone, 529 
Unlmolecnlar Tnef.hanlim, 77 
Unudl. 535-536, 709, 716 
Ununil, 533-533, 689, 691 
Urea, 619. 650, 651. 631. 655. 630. 
675, 687, 688. 689. 090. 693. 693. 
094. 697, 699. 700. 707, 728, 746. 
801 

Urddes. 689 

cyclic, SM Pyrimidines, Pnrinea 
Uric acid. 687-695. 701. 700 
^Uric add. 095 
Uridine. 709. 710, 714 
UridyUc add, 709, 716 
Uronlc axids, 880 


V 

Valeric add, 89 
Valine, 544, 545, 548, 540, 660 
\'an der Waals forces, 8-3 
van dcT Waals radii, 2, 161 
van Slyke method, 665 

Vcimtraldohyde, 080, 680 
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Veratrio add. CM. MS, 643, 664. 679, 
681 


Veratrole, 648 
Vennud. SM Barbltoiie 
VetivoDO, 309 
S-VlnyiqairracHdiite, 684 
Vidorjc add. 533, 688. 003 
Vlacodty. 7 
yitaminw, 720-756 
Vitamin Aj. 307-402. 402 
A,. 403 


B complex. 720-747 
B,. 721-7*7 
Bj. 7*7-713 
B,. B|, B,. 747 
Bg, «M P^^ozln 
Bi*. B,i, 735, 747 
Bu ,74 
B„. B,4. 747 

B, .73B 

C, ut Ascorbic add 

Di *nd B|, SM Caldlerol 
D|. Dg. 46^67 
£ group, m Tocopheroli 

H. **• 

Kj. 753-756 
K,. 756-756 
M. 785 
Volatmty. 4 
ValcaoisatkrQ, 883 


W 

Wagnex renmngement, 148 
Wagner-^ecrw^ rearrangijinent, 
345, 350-351, 363. 175 
Walden Javerskm, 73^9, 115, 288, 
284 

Wave-mechanlcal effect , 8 
Weennan test, 246, 254-265 


Whitmore mechanism. 186-1S8, 850 
Wolfi-Mahner redaction, 140, 888 
481. 7n 

X 

X-raf analjrsU. 4. 5. 30-31, 16, 32, 17 , 
41. 60, 108-109, 140, 159, 16}. 
106, 109, 200, 207. 221. *14. *80. 
*60, 171, *77, 280, 888. 420, 412, 
440, 468. 454, 465. 481, 484, 498, 
494, 662, 566. 666, 667. 71 1, 714, 
717, 746, 768, 774. 780, 802, 804 
Xanthloe, 609 
Xanthophyils, 887. 403, 703 
Xantlioproteic reactloa. 662 
Xanthopterin, 788 
Xantboelne, 711 
Xylani, 280 
^Xylenol, 751 
Xyto^ncans. 280 
a-XyJtxjninol, 75* 

^Xyloqolnol, 761 

Xyk^ 313-315, 819, 227. 256. 280, 
*86 

XylotxliBcthcccyglutaric add. 227 

Z 

Zeaxaothin. 404 

Z«bd method. S26, 564, 627. 628, 620, 
617. 642, 649, 660, 670 
Zerriritinofi active hydrogen deter- 
xolnatlon. 584. 710, 7*1. 74* 
Zinc d^ dittfllatioQ, 420. 480, 485, 
587, 600, 60*. 616. M9 
ZlfigiheTeoe, 359 
Zoosterols, 410 
Zwitterion. 566 
Zy rnx Se. 280 

Zymogeiie, 677 




